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THE APPLICATION OF LABELING AGENTS TO THE STUDY 
OF PHOSPHOLIPID METABOLISM 


I. L. CHAIKOFF 
Division of Physiology of the Medical School, University of California, Berkeley 


Phospholipids are fatty compounds containing nitrogen and phosphorus. 
Three molecular types are usually recognized as phospholipids: the lecithins, the 
cephalins and the sphingomyelins. Other names such as ‘‘phospholipins,”’ 
‘“‘phosphatides,”’ ‘‘aminophosphatides” and ‘‘phosphoaminolipids’” have been 
applied to these compounds, but since the term ‘‘phospholipid”’ is commonly 
used in this country it will be employed to designate the compounds dealt with 
in this review. 

Several phases of phospholipid metabolism have been reviewed in recent. 
years by Sinclair (1, 2). The question of phospholipid in the transport of fat 
in the animal body has been studied by Bloor (3). Hevesy has summarized his 
work with radioactive phosphorus (4). A detailed treatment on the structure of 
lecithin, cephalin and sphingomyelin has been presented by Working and 
Andrews (5). 

The lecithin molecule may be regarded as formed from 5 primary components: 
2 fatty acids, glycerol, choline and phosphoric acid. These are joined by 2 
general types of bonds: 1, fatty acid-glycerol ester linkage, and 2, phosphate- 
alcohol ester bond. Phosphate is bonded in the lecithin molecule by 2 ester 
linkages, one of which is with glycerol, the other with the base choline. The 
formation of all these bonds can be followed with suitable tracers. It is neces- 
sary to define synthesis or formation of the lecithin molecule with respect to the 
formation of these bonds. It is inconceivable that all 5 components unite simul- 
taneously to form a new molecule. The various components may or may not be 
assembled in an orderly sequence in which the formation of a given bond always 
precedes that of another. If the molecule is assembled in such a way that the 
formation of a given bond does precede that of another, then the observed rate 
at which any component is incorporated into a phospholipid molecule will 
be equal to the rate at which the other components enter the molecule. If 
the molecule is not assembled in an orderly fashion (as seems most likely), then 
it is improbable that the reaction rates for the formation of the phosphate- 
glycerol bond, the fatty acid-glycerol bond and the nitrogen base-phosphate 
bond will be the same. In the latter case it would be expected that the rate of 
turnover of phospholipid phosphate differs from that of phospholipid fatty acids 
and phospholipid nitrogen base. Hence, until it has been shown that the rate 
of entrance of a given component into the lecithin molecule is the same as the 
rate of entrance of the other components, the formation of each bond should 
be considered an independent reaction. 

The above reasoning applies not only to lecithin, cephalin and sphingomyelin, 
but equally well to any compound organic molecule in a biological system. The 
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type of bonds joining the primary components of cephalin molecules is identical 
with that of the lecithins. Phosphate is bonded in a cephalin molecule by 2 
ester linkages, one with glycerol and the other with the base ethanolamine, or 
possibly with the amino acid serine. In sphingomyelin there are 2 ester linkages 
(one between the sphingosine radical and phosphate, the other between the 
latter and choline) in addition to a peptide link (NH—CO) between the sphingo- 
sine and a fatty acid radical. 

Isotopes of phosphorus, nitrogen and hydrogen have been used to study the 
incorporation of the phosphate radical, the nitrogen base and fatty acids, respec- 
tively, into phospholipid molecules. The fatty acid component of the phospho- 
lipid molecule has also been labeled by unnatural fats. 

I. LABELING OF THE PHOSPHATE RADICAL. A. General Considerations in the 
Use of Radioactive Phosphorus. 1. Properties of phosphorus isotopes. The 
radioactive isotope of phosphorus ;;P* has been used extensively for labeling of 
the phosphate radical of the phospholipid molecule. Radiophosphorus is readily 


prepared by bombardment of P*! with deuterons accelerated in the cyclotron. 
; a de p2 
Radioactive P® of very high specific activity ( pii 


carbon disulphide that had been subjected to bombardment with fast neutrons. 
The fact that P® has a relatively long half-life (14.3 days) has added to its useful- 
ness in tracer studies. 

Isotopes of an element differ only in mass. Since they have the same elec- 
tronic configuration and nuclear charge, they have been considered identical 
chemically. Only properties that depend upon the mass of the atom! will differ 
among isotopes. Such differences are best shown in the hydrogen isotopes 
:H!, ,H?, and ,H?; in these the percentage difference in isotope mass is the greatest 
of all known elements. Some differences in the biochemical behavior of the 
isotopes of K have been reported (6, 7). It is not possible at present to state 
what biological difference, if any, exists between the isotopes P* and P®. Cer- 
tainly it should not be any greater than that observed in the K isotopes. The 
greatest biochemical difference would obtain for isotopes of an element function- 
ing in the body as a single ion or atom. In the case of phosphorus it is not the 
mass of atomic phosphorus but rather that of the phosphate radical that should 
be considered. Since the differences for the K isotopes did not exceed 1 or 2.5 
per cent, the differences to be expected between the behavior of P*O, and P®Q, 
should certainly be less. The greater the weight of the reacting portion of the 
molecule that contains the isotope, the less will be the effect of differences in 
isotope mass. 

2. Radiation effects. In order that a radioactive isotope may serve as an 
indicator of the endogenous metabolism of its unlabeled isotope within the 
animal organism, certain precautions must be observed. The radioactivity 
of the injected dose should have no deleterious effect on any of the tissues. 
The amount of the substance administered should not unduly increase the con- 
tent of this substance already present in the organism. 


) has also been prepared from 


1 Diffusion rates, reaction rates, molecular velocities, etc., are a function of the molecular 
mass. 
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The deleterious effects of x-rays and radium emanations are well established. 
The more recent types of radiational treatments have employed artificially made 
radioactive isotopes, the same radioactive substances that are used in tracer 
studies. There can be no question of the existence of biological effects of atomic 
radiation from any source, and there is need for more precise knowledge of such 
effects at the present time. Biological effects of radiation are due to the produc- 
tion of ionization or of agitation by the radiations, i.e., disruption of molecules 
in their paths. The effectiveness of a radiation in producing damage to a tissue 
depends upon several factors: 1, total energy of the particles or rays; 2, their 
mass; 3, their velocity; 4, their charge, and 5, the extent to which they are 
absorbed by the medium through which they pass and the number of molecules 
they activate or ionize. 

Radioactive phosphorus produces only 8-particles in its disintegration. Most 
other radioactive isotopes have gamma rays of various intensities that are 
accompanied by showers of 8-particles of different energies. Isotopes of this 
type in common use are Na”, Zn®, I'*! and Br®. There are no known radio- 
active isotopes that produce only gamma rays and no beta particles. P*® is 
among the few radioisotopes that produce beta particles but no gamma rays. 

The radioactivity of the P® samples used in the Berkeley laboratories as 
tracers in phospholipid studies is not kept constant; the dose injected is deter- 
mined by the tissue studied. Thus in the case of the brain, which is relatively 
inactive in its uptake of P*®, a dose corresponding to about 0.05 microcurie? per 
gram body weight is employed. In the case of a more active tissue like the liver, 
solutions of P® yielding a radioactivity of 0.001 microcurie per gram body weight 
are administered. Jones (8) has shown that within very wide limits the per- 
centage recovery of total P® and phospholipid P® in tissues of the mouse is not 
influenced by variations in the radioactivity of P®. Five groups of tumor- 
bearing mice were injected with a solution of Nas,HPQO, containing the same 
amount of P*! but differing as regards P® content. The radioactivity varied 
from 1 to 70 microcuries. In spite of the 70-fold difference in radioactivity of 
the doses employed, no difference was observed in the percentage of the ad- 
ministered dose recovered® as phospbolipid P® or as total P® in liver or tumor. 
Apparently there is a large factor of safety in the radiational dosage of P® used 
as tracer. 

3. Phosphate-dose effects. The amount of labeling agent administered is also 
of some importance. Its administration should not materially alter the total 
amount of the agent already present in the animal. A good example of the 
great care that must be used in the amount of labeled substance injected is 


2 A Curie of any radioactive material undergoes the same number of disintegrations per 
unit time as one gram of radium, namely, 3.7 X 10!° disintegrations per second. In the 
Berkeley laboratories, P*? is measured with a Lauritsen electroscope against a uranium X¢2 
standard, equivalent to one microcurie, i.e. the UX: produces 3.7 X 10‘ primary 8 particles 
per second. 

§’ According to Goudsmit, if radiational effects were involved in the synthesis of a com- 
pound, the P*? recovered in the compound would be approximately proportional to the 
square of the P*? administered (9). 
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shown in the study of iodine metabolism with I!*. The total amount of iodine 
in the animal body is small; a normal 200 gram rat may contain as little as 0.05 
mgm. of iodine. The introduction of as little as 0.03 mgm. of iodine (60 per 
cent of that already present in the rat) will flood the organism with iodine, and 
its distribution may not reflect a true picture of the endogenous iodine metab- 
olism. In the case of radioisotopes it is possible to prepare samples that con- 
tain atoms numerous enough for detection by their radioactivity but too few 
for chemical measurement. By the administration of such a dose of radioiodine 
it is possible to label the circulating iodine within the animal without altering 
measurably the amount of iodine already present in the animal. This feature 
can be obtained at present only by a labeling device as sensitive as that provided 
by the radioactive isotope. 

In the case of NasHPO, labeled by the inclusion of P*, it has been shown 
that relatively large amounts can be administered without interfering with its 
value as a safe labeling agent (10). No difference in the P® recovery in such 
tissues as brain and blood was observed when such widely differing amounts 
of phosphorus (Na2HPO, containing P*) as 6.0 and 0.3 mgm. were injected into 
200 gram rats. The finding that such large variations in the amount of Na,HPO, 
injected produced no change in the percentage of the administered labeled 
phosphorus recovered in brain and blood is not surprising. Although 6 mgm. 
of phosphorus (27.5 mgm. as Na2,HPO,) is an appreciable amount, it represents 
but a small fraction of the total inorganic phosphorus already present in the 
adult rat; hence its introduction into the rat does not markedly increase the 
animal’s phosphate content. 

Radioactive phosphorus was first used as an indicator of phospholipid metab- 
olism in the laboratories of Hevesy and of Artom. This was soon followed by 
extensive studies at Berkeley. It has been repeatedly shown that phosphate is 
incorporated into the phospholipid of all tissues examined. The term lipid 
phosphorylation will be used here to describe the formation of phosphate bonds 
in the phospholipid molecule. 

B. Quantitative Measures of Phospholipid Turnover with P®. In some of the 
early work the phospholipid P*® incorporated into a tissue was expressed as a 
fraction of the administered P®. Two groups of workers (Hevesy and Hahn, 
11; Artom et al., 12) have introduced schemes for the determination of the rate 
of phospholipid turnover in a tissue, as shown by renewal of its phosphate 
radical. In the following discussion a general treatment of the question of 
phospholipid turnover will be given, followed by a consideration of the schemes 
proposed kv Hevesy and Artom. 

The terms ‘‘turnover,”’ “turnover rate,’’ “‘turnover time,”’ will be used only 
in the sense defined below. Their definition is made necessary by the confusion 
of terms now employed in tracer studies. 

Phospholipid turnover in this section refers to the process of phospholipid 
renewal in an organ; this involves the uptake as well as the synthesis of phos- 
pholipid and the decomposition as well as the outgo of phospholipid. The 
term “‘phospholipid renewal” refers to the renewal of a given component, not 
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necessarily to the whole molecule. It is only the component that is being labeled 
whose renewal is measured experimentally. 

Phospholipid turnover rate is the percentage of phospholipid present in an 
organ or tissue that has been turned over (see Phospholipid Turnover above) 
per unit of time during the course of an experiment. To have quantitative 
significance it may be necessary to take into account the possibility of break- 
down of newly formed phospholipid molecules (i.e., labeled molecules formed at 
the expense of the labeling agent) as well as their loss by way of the bloodstream. 
Apparently this type of loss and breakdown is disregarded in Hevesy’s caleula- 
tion, which will be described below. He appears to assume that negligible 
amounts, if any, of the new phospholipid formed during the time of the experi- 
ment have left the tissue or decomposed, and that during the course of the experi- 
ment breakdown or loss involves only molecules that were present before the 
labeling process was introduced. 

Complete phospholipid turnover time is the time required to form and/or take 
up (i.e., acquire from some other tissue or tissues by way of the bloodstream) 
an amount of phospholipid equal to that present in the organ in the steady 
state. 

Some of the considerations involved in a quantitative measure of phospholipid 
turnover are given below. Unless the assumptions upon which calculations are 
based are critically evaluated and the proper conditions maintained throughout 
the experiment, calculated values for rate of phospholipid turnover have little, 
if any, meaning. 

1. The steady state. For simplicity, the phospholipid content of every cell, 
tissue or organ is assumed to remain constant throughout the experiment. This 
means that the same amount of phospholipid enters and/or is synthesized in the 
organ as leaves and/or is broken down. In other words, the rate of appearance 
of phospholipid in the system equals the rate of disappearance and is constant 
for the duration of the experiment. 

2. Rate-determining step. The rate-determining step should be known to 
make valid the calculations for the rate of phospholipid turnover. If equilib- 
rium between plasma inorganic phosphate and the immediate precursor of phos- 
pholipid at the site of reaction is instantaneous, then a calculation of the rate 
of phospholipid turnover based on the measurement of specific activity of 
plasma inorganic phosphate will be valid. If the rate-determining step is the 
synthesis of phospholipid from some intermediate, say xP, and if the formation 
of xP from phosphate of the plasma is the fast step in the reaction, then again 
a calculation of the rate of phospholipid turnover based on the specific activity 
of plasma inorganic phosphorus will be valid. This is true because a rapid 
equilibrium exists between xP and plasma phosphate, so that the specific activity 
of the intermediate is the same as that of plasma phosphate. 

If xP is slowly formed from plasma inorganic phosphate and a fast equilibrium 
exists between xP and phospholipid, then the rate of phospholipid turnover can 
also be calculated from the specific activity of plasma inorganic phosphate, 
since the specific activity of the phospholipid is the same as that of xP. 
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On the other hand, if the conversion of plasma phosphate to xP and the con- 
version of the latter to phospholipid are 2 slow reactions, then both reactions. 
influence the rate of phospholipid formation. If this is the case, only informa- 
tion about the specific activity of the immediate precursor xP at the site of 
reaction will yield valid data for the measurement of phospholipid turnover. 
In this particular case, the possibility exists that xP is present in a tissue in 
amounts negligible in comparison with the actual amount turned over per unit 
of time. This will be the case if xP is present to the extent of 1 unit in the cell 
and is formed at the rate of 100 units per minute. Hence, even though the con- 
version of phosphate to xP is one of the slow steps, as assumed above, yet because 
xP is turned over so rapidly with respect to the amount present, its specific 
activity reaches instantaneous equilibrium with that of phosphate. 

It is not unlikely that we are dealing with more than one intermediate (x;P, 
x2P, etc.) in the synthesis of phospholipid from plasma phosphate. Indeed, 
one or more intermediates may be connected by slow steps. A further complica- 
tion in interpreting such a calculation will arise if several different slow paths 
for phospholipid formation exist, each involving a phosphorus-containing pre- 
cursor. To make a valid determination of the rate of phospholipid turnover in 
this latter case, it would be necessary to know the specific activity of the im- 
mediate phospholipid precursor of each path and the amount of phospholipid 
formed by way of each path. The situation is further complicated by the fact. 
that not only are there 3 distinct types of phospholipid, lecithin, cephalin and 
sphingomyelin, but also each type represents a group of substances differing in 
the nature of their fatty acid components. 

3. Time interval. If a single dose is injected, the choice of the interval of the 
experiment for the calculation of turnover rate should be such that data on the 
ascending part of the specific activity-time curve are available, since in this 
time interval synthesis of radiophospholipid rather than breakdown is the pre- 
dominant factor. This is desirable in order to avoid complicating the calcula- 
tion. Complications can also be avoided if the specific activity of the immediate 
precursor is maintained constant at the site of phospholipid formation. Hevesy 
has employed continuous intravenous injections of phosphate as a means of 
maintaining a constant phosphate 8.A. of the plasma. Whether or not this 
makes for a similar constancy in the specific activity of the immediate precursor 
at the site of phospholipid formation is not known. 

4. Specific activity of the immediate precursor at the exact site of phospholipid 
formation. In experiments of short duration, however, the rate of transport of 
the labeling agent to the actual site of formation is an important factor in the 
amount of labeled substance recovered, since the amount of isotope recovered in 
the substance under investigation is a direct function of the specific activity of 
the immediate precursor at the site of formation. If the site of formation is 
outside the cell, then it is safe to assume that the specific activity of the labeling 
agent at the site of formation is the same as that of the labeling agent in the 
surrounding fluid. If the site of formation is inside the cell, then the rate of 
penetration of the labeling agent into the cell is a factor in the calculation of the 
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rate of phospholipid synthesis. It should be stressed that the site of formation 
need not necessarily involve the whole cell but only a part of it. If the latter is 
the case, then it is the specific activity of the immediate precursor in this par- 
ticular part of the cell, not that of the whole cell, that is the decisive factor in 
determining the amount of isotope or labeled agent recovered in the substance 
synthesized. 

The foregoing indicates some of the difficulties involved in any attempts to 
arrive at an exact measure of the rate of phospholipid turnover. The obstacles 
involved may be further shown by the two types of calculations made by Zilver- 
smit (13), these differing only in a single fundamental assumption. Both 
methods involve the maintenance of a constant specific activity of the immediate 
precursor at the site of the reaction. In method [° it is assumed that the newly 


4 For example, if in a 2-hour experiment one hour is required for the labeling agent to 
make its appearance at the site of the reaction, then synthesis is being measured only during 
the second hour of the experiment. If the experiment were extended to 20 hours, then 
synthesis would be measured for 19 hours and the interval, namely, one hour, required for 
the transport of the labeling agent to the site of the reaction would be of less significance 
than in a 2-hour experiment. 

§ Derivation of the equations used in calculations made by method I and method II 
(Zilversmit). 

MethodI. Let X = counts of phospholipid found at any time in an organ or tissue 

Y = total amount of phospholipid phosphorus present in the organ 

(assumed to remain constant) 
specific activity of precursor which is assumed constant at the site 

of reaction for the duration of the experiment 
k = rate of phospholipid appearance and disappearance (assumed to 

remain constant) 
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xX 
specific activity of phospholipid _ rss , Tan 0.63 
specific activity of precursor A _ ong 


Method II. The same notation as in Method Lis used. If at the end of a given time in- 
terval X counts of phospholipid are found, the amount of precursor incorporated into the 


compound during this time interval is—. If Y is the total amount of phospholipid phos- 
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labeled phospholipid molecules act as though completely mixed with the old 
phospholipid molecules already there and that the breakdown of phospholipid 
(proceeding simultaneously with new formation) occurs at random and involves 
both old and newly formed molecules. As noted above, the total phospholipid 
content of a tissue remains constant for the duration of the experiment. In 
method II5 Hevesy’s assumption is made, namely, that “with the formation of 
new phosphatide molecules, the decomposition of an equal or similar number of 
old molecules goes hand in hand” (11). By method I it can be shown that the 
specific activity of phospholipid at complete-turnover time (see definition above) 
is equal to 0.63 X specific activity of the precursor. By method II, however, 
at complete-turnover time the specific activity of phospholipid equals that of the 
precursor. The absolute difference in the values obtained for complete-turnover 
time by these 2 methods of calculation will depend upon the particular set of 
conditions that prevail during the experiment. It should be noted here that 
methods for measurement of phospholipid turnover need not involve the main- 
tenance of a constant specific activity of the precursor at the site of reaction. 
It is possible to determine phospholipid-turnover time from a single injection 
of labeled phosphate. This type of calculation, however, would still involve 
assumptions regarding the steady state, the rate-determining steps, and the 
specific activity of the precursor at the site of the reaction (13). 

Although these considerations on the use of tracers for the quantitative meas- 
ure of turnover are more rigorous than those presented heretofore, they ob- 
viously suggest that further work (both theoretical and experimental) is neces- 
sary to clarify the interpretation of labeling. It should not be inferred, however, 
that the early attempts made to derive quantitative measures of phospholipid 
turnover with P® are not of value. 

The Hevesy measurement of the rate of phospholipid turnover (11). By meansof 
ratios of specific activities of phospholipid to specific activities of phosphate, 
Hevesy has calculated the rate of phospholipid turnover in various tissues of the 
animal. He maintained a constant specific activity of inorganic phosphorus in 
plasma by continuous injection of labeled Na,ZHPO,;. He took into consideration 
the difficulty in determining the exact site of phospholipid formation; for this 
reason he made calculations for both intracellular and extracellular phosphate. 





phorus present in the organ, the fraction of the total amount of the phospholipid present 
which has been formed during this interval (fraction turned over) is 





xX X 

A Y S.A Phospholipid. 

4 A S.A. Precursor 

X 
Therefore, when —— = 1, an amount equal to the total amount of compound has been syn- 
thesized. The time for this to occur is the complete turnover time. 
It should be noted here that if random breakdown does occur, Method II can be used only 

in experiments of short duration since over short intervals breakdown of radiophospholipid 
can be neglected. 
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This gave upper and lower limits for the rate of phospholipid turnover. He 
shows by his calculations that, if phospholipids are synthesized inside the cell, 
then the liver has a higher rate of pnospholipid turnover than the kidney, 
whereas if phospholipids are formed from extracellular phosphate, then the 
kidney has a higher rate of phospholipid turnover than the liver (table 31 (11)). 

Hevesy states that he measures the rate of phospholipid synthesis from inor- 
ganic phosphorus ‘‘independent of the actual mechanism involved.” As noted 
above, however, the question of intermediates is important if a quantitative 
meaning is to be attached to the concept of turnover. This can be further illus- 
trated by the following example: 

Let us take the case in which phospholipid is formed in organ A from a P-con- 
taining precursor that has been formed in some other organ. Let us assume 
that this precursor is not in rapid equilibrium with the intracellular phosphate of 
organ A. Then the specific activity of this precursor is independent of the 
specific activity of the intracellular phosphate of organ A. Now consider the 2 
possibilities: 1, the specific activity of the precursor is greater than that of the 
intracellular phosphate of organ A. Hevesy would calculate the rate of phospho- 
Specific Activity Phospholipid 
Specific Activity Inorganic P’ 
would be higher than the true value since the specific activity of the precursor 
is greater than the specific activity of intracellular phosphate; 2, the specific 
activity of the precursor is smaller than that of the intracellular phosphate of 
organ A. Then the value for turnover rate as calculated by Hevesy would be 
less than the true value. Until the mechanism of phospholipid synthesis 
(intermediates, rate-determining steps, etc.) is established, the validity of 
measuring turnover rates from only inorganic phosphorus is open to question. 

Mathematical expression of phospholipid turnover as derived by Artom, Sarzana 
and Segré (12). Their treatment involves assumptions similar to those made for 
method I above. As a further assumption, they consider the distribution of 
P*® in only skeleton, blood and liver, and neglect the influence of other tissues 
as well as excretion during the period of measurement. They arbitrarily assume 
values with respect to 1, the rate at which P* enters and leaves the liver and 
skeleton, and 2, the relative proportions of P*! in bone, blood and liver. On the 
basis of these assumptions they calculate theoretical specific-activity time-curves 
for phosphate in blood and skeleton and for phospholipid in liver; from these they 
attempt a rough comparison of the rates of phospholipid formation in various 
tissues. Their paper is an interesting contribution to the concept of labeling as 
a means of measuring the rate of phospholipid turnover; the limitations of their 
method are well discussed. 

C. Lipid Phosphorylation in the Intact Animal. In the following sections the 
incorporation of labeled phosphate into phospholipids in various tissues and 
organs of the intact animal will be considered. 

1. Liver. Inorganic phosphorus is rapidly incorporated into phospholipid 
of the liver (11, 12, 14, 15, 16). Following the injection of a single dose of P® 
as Na2HPO,, a sharp rise and fall in the content of phospholipid P® are observed 


lipid turnover in organ A from But this value 
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in the liver; maximum concentrations of radiophospholipid occur in the liver of 
rat and mouse (17) at about 8-10 hours after the injection. This deposition of 
radiophospholipid in the liver was found to be unimpaired in rats deprived of 
both kidneys and gastrointestinal tracts (18). According to Hevesy, about 14 
to 19 per cent of the liver’s phospholipid is renewed in 4 hours if it be assumed 
that phospholipid formation occurs at the expense of intracellular inorganic 
phosphorus (11). Chargaff states that lecithin is more rapidly formed in the 
liver than cephalin (19, 20). Hevesy, however, points out, interestingly enough, 
that 4 hours after the intravenous injection of labeled phosphate the turnover 
rate of liver cephalin exceeds that of lecithin, whereas in experiments lasting 
one day or more liver lecithin is renewed more rapidly than cephalin (11). 
According to Hunter (21), sphingomyelin P® accounts for only a small part of 
the phospholipid P*® deposited in the liver. 

2. Phospholipid turnover of the liver and lipotropic action. Radioactive phos- 
phorus has been used to explain the mechanism whereby choline and other lipo- 
tropic substance prevent and cure fatty livers. Choline (22), betaine (23) and 
methionine (24), all of which have been shown to inhibit the infiltration of ab- 
normal amounts of lipids in the liver, stimulate phospholipid turnover as meas- 
ured by the incorporation of injected P® into phospholipids. The feeding of 
diets rich in cholesterol (25), which produce fatty livers, depressed this incorpo- 
ration in the liver. Thus 2 processes, the entrance of fat into the liver and its 
release from the liver, have been linked with the rate of lipid phosphorylation. 

The stimulating effect of a single dose of choline on lipid phosphorylation is of 
short duration (22). An increase in phospholipid activity was observed about 
one hour after choline ingestion, but its effect is no longer demonstrable 10 
hours later. The effect of choline upon phospholipid metabolism depends upon 
the amount fed; between the limits of 0 and 30 mgm. the extent of phospholipid 
stimulation increased with the amounts fed. The significance of this effect of 
choline in stimulating the rate of lipid phosphorylation has at times been con- 
fused with the demonstration that labeled choline enters the phospholipid mole- 
cule. Stetten (28) has clearly demonstrated that administered labeled choline 
finds its way into the phospholipid molecule. Welch (26, 27) found that ad- 
ministered arsenocholine is incorporated into lecithin. The observations of 
Stetten and Welch, however, give no information about the comparative rates 
of lipid phosphorylation before and after choline treatments (22). 

It is of interest to note here that the effect of choline upon the rate of lipid 
phosphorylation was observed despite the fact that the content of total phos- 
pholipid in the liver showed no measurable change. A relative constancy in the 
total phospholipid content of the liver should therefore not be taken as evidence 
of phospholipid inactivity. The significance of total-phospholipid content of 
the liver as an index of phospholipid activity or turnover has been considered in 
some detail elsewhere (25). 

Choline has a more pronounced lipotropic action than betaine (27, 30); in 
small doses betaine is less effective than choline in stimulating lipid phosphoryla- 
tion. This lesser effectiveness of betaine than of choline has been explained by 
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Stetten (28) as due to the fate of betaine in the animal body. Isotopic betaine 
containing heavy nitrogen was fed to rats; the choline isolated was poor in N®, 
whereas glycine was rich in isotope. Betaine is therefore demethylated to 
glycine. Apparently only the methyl groups of betaine, and not the rest of the 
molecule, are used for choline synthesis. 

Methionine, cystine, cysteine stimulate lipid phosphorylation (24). Only 
the first of these has a lipotropic effect. Glycine, alanine, serine, tyrosine, pro- 
line, glutamic acid and asparagine have been shown to have no effect on the rate 
of phospholipid turnover as measured with radioactive phosphorus (31). 

3. Blood. Administered P® appears rapidly in phospholipid of the plasma. 
This has been shown by Hevesy and Hahn (11) in experiments in which they 
maintained a constant level of labeled inorganic phosphorus in plasma of rabbits 
for 9 days and by Fishler (32) in experiments with single injections of P* in dogs. 
As early as 3 hours after a single injection of P®, appreciable amounts of radio- 
phospholipid are already present in plasma of the dog. By 40 hours, 0.5—1 per 
cent of the administered P* is incorporated into phospholipid of the dog’s total 
plasma (32). 

The incorporation of administered P® into phospholipid is a much slower 
process in corpuscles than in plasma (11, 32, 33). Following the injection of a 
single dose of radiophosphorus in the dog, there occurs a sharp rise in the phos- 
pholipid P® content of the plasma, with the maximum by 36 hours; it required 
more than 2 days for measurable amounts of phospholipid P® to make their 
appearance in the dog’s cells (32). At no time do the cells attain a phospho- 
lipid P® content greater than 25 per cent of the maximum found in plasma (32). 
In contrast to plasma, cellular radiophospholipid leaves the blood slowly (32). 
The highest amounts of radiophospholipid in cells appeared between 200 and 
300 hours; at 500 hours about one half of that amount was still present in the 
cells (32). Since the phospholipid contents of cells and plasma are roughly the 
same and do not change during the course of the experiment, the above values 
may be considered as indicative of the relative specific activities of corpuscle 
and plasma phospholipid. 

According to Hevesy and Aten, the renewal of corpuscle phospholipid in a 
period of 28 hours is only one-third of that in the plasma of the laying bird (33). 
In man, the specific activity of phospholipid phosphorus in corpuscles reaches a 
value about one-half of that of the plasma as late as 8 days (33). 

Plasma phospholipids do not penetrate corpuscles readily (11, 32, 33, 34). 
Hahn and Hevesy (34) injected P® into a rabbit and separated its plasma; this 
plasma, containing radiophospholipid, was then mixed with corpuscles removed 
from another rabbit. At the end of 4.5 hours of incubation only 5 per cent of 
the phospholipid present in corpuscles had exchanged. The results obtained 
in vivo are equally striking; 37 hours after the injection of P® into the dog, 
Fishler (32) found that the phospholipid P® content per cubic centimeter of 
_ plasma was more than 10 times that of the corpuscles. Although large amounts of 
radiophospholipid were present in the plasma at the 12-hour interval, practically 
no phospholipid P® was observed in corpuscles at this time despite the fact that 
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they already contained considerable amounts of P®. Even as late as 60 hours, 
a marked difference between phospholipid P* content of corpuscles and plasma 
was still observed (32). These observations are not incompatible with the view 
that lipid phosphorylation within the corpuscle occurs mainly at the time it is 
formed. 

Labeled phospholipid introduced intravenously into animals disappears 
rapidly from the plasma (35, 36). Liver and spleen are most active in their 
removal. 

4. Liver as the site of phosphorylation for plasma phospholipid. Comparisons 
of the specific activity of phospholipid phosphorus of plasma with that of the 
phospholipid phosphorus of organs have led Hevesy (11, 33) and Artom (37) 
to infer that the incorporation of phosphate into phospholipid molecules of 
plasma occurs largely in the liver. Both groups of workers, however, are careful 
not to exclude other organs. A study of this point has been made by Fishler 
(32), who compared the phospholipid P® per gram of total phospholipid in 
plasma, liver, small intestine and muscle at 6, 18, 36 and 98 hours after the in- 
jection of inorganic P® into dogs. At the first interval, the phospholipid P® per 
gram of phospholipid in the liver was higher than in any other tissue. At the 
18-hour interval the values in liver and plasma were the same, and in these 2 
tissues the phospho}ipid P® per gram of total phospholipid was higher than in 
small intestine, kidney or muscle. At 36 hours, values for plasma and liver were 
still the same and higher than those in the other tissues. Not before 98 hours 
did the values for kidney and small intestine approach those for liver or plasma 
(32). The close agreement in the values for phospholipid P® per gram of total 
phospholipid in liver and plasma between 18 and 98 hours suggested a close tie-up 
between these 2 tissues. This observation has led to a study of lipid phos- 
phorylation in the hepatectomized dog (32). Immediately after removal of 
the liver, dogs were injected intravenously with inorganic P®. Practically no 
phospholipid P® was recovered in plasma as late as 3-6 huurs after extirpation 
of the liver; at these times 0.4 per cent of the injected P® had been incorporated 
into phospholipid of both kidneys and about an equal amount in the whole 
small intestine. These values for kidney and small intestine were approximately 
the same as those obtained for these tissues in normal dogs. This observation 
is certainly in line with the view that the liver is the main (and possibly the only) 
site for phosphorylation of plasma phospholipid. It should be noted here that 
the site of phosphorylation need not coincide with the site of esterification of the 
glycerol component with fatty acids. 

Intestine. Radiophospholipid is rapidly deposited in the gastrointestinal 
tract after the injection of P® (11, 12, 15, 16, 18,19). The phospholipid activity 
of its various parts is not the same; the small intestine is very much more active 
in lipid phosphorylation than stomach or large intestine (18). In the bird the: 
deposition of injected inorganic P® as phospholipid is greater in small intestine 
than in gizzard, proventriculus, ceca or colon (16). Artom et al. (12) state that 
the specific activity of phosphopholipid phosphorus in the intestine exceeds that 
in the liver when the P® is administered orally. Fries et al. (18) have also ob- 
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served that the recovery of phospholipid P® in the small intestine is greater 
when P*® is administered per os than when it is administered subcutaneously. 
The presence of fat in the gastrointestinal tract increases the deposition of 
radiophospholipid in the small intestine (12, 18). At early intervals (4 hours) 
after P® administration a more rapid renewal of mucosal cephalin than of 
lecithin has been observed (11); at later intervals, however, the incorporation of 
P® into phospholipid is apparently greater in lecithin than in cephalin of the 
intestine (19). 

6. Kidney. In the intact animal administered phosphate is readily incor- 
porated into kidney phospholipid. Following a single injection of P*®, the rate: 
of deposition and of disappearance of labeled phospholipid is slower in kidney 
than in liver or small intestine (14, 15). Kidney has also been compared with 
other tissues in respect to the specific activity of phospholipid phosphorus (i.e., 
the ratio of phospholipid P* to phospholipid P*). According to Artom et al. 
(12, 14, 43), the specific activity of kidney phospholipid is lower than that of 
small intestine and liver phospholipid at the early intervals after P** administra- 
tion in the rat. Fishler et al. (82) measured the deposition of phospholipid P** 
per gram of phospholipid in the kidney, liver and small intestine of the dog at 
6, 18, 36 and 98 hours after the intraperitoneal injection of P®. At the first 
time-interval, the values for kidney were lower than those for liver but equal 
to or higher than those for the small intestine. At 18 and 36 hours the specific 
activities of the kidney phospholipids remained lower than those of the liver 
and about equal to those of the small intestine. At 98 hours the specific ac- 
tivities of phospholipid in all 3 tissues were roughly the same. 

That kidney can phosphorylate fat has been established by in vitro experiments 
with surviving slices of this tissue (see below). That lipid phosphorylation 
does take place in the intact kidney has been demonstrated with the aid of the 
hepatectomized dog (32). Despite the fact that no phospholipid P*® was found 
in the plasma of the liverless dog, its kidneys contained radiophospholipid in 
amounts similar to those found in normal dogs. 

Hevesy and Hahn point out that inorganic phosphorus enters the kidney 
cells very rapidly from the bloodstream and for this reason it is not safe to infer 
merely from the rate at which injected inorganic P® is converted to phospholipid 
P® that the turnover of phospholipid by the kidney is a rapid process (11). 
These workers have employed the specific activities of both inorganic phosphorus 
and phospholipid phosphorus as a measure of the rate of phospholipid turnover 
in organs. When turnover rate was calculated on the assumption that phos- 
pholipid formation occurs at the expense of intracellular inorganic phosphorus, 
the turnover of kidney phospholipid was much slower than that of either liver 
or small intestine phospholipid. When it was assumed that phospholipid forma- 
tion involved incorporation of extracellular inorganic P, the phospholipid turn- 
over of kidney did not differ markedly from that of either small intestine or 
liver. 

Weissberger found that acidosis induced by the ingestion of NH,Cl increases 
the turnover of kidney phospholipid as measured with radioactive phosphorus. 
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(44). The relation of the phospholipid metabolism of kidney to acid-base regu- 
lation is pointed out. 

7. Brain. The incorporation of P® into brain phospholipid of the intact 
animal has been shown by many workers to be a slow process (11, 12, 19, 20, 45, 
46,47,48). This may be explained by the slow penetration of labeled phosphate 
into the brain as a whole as well as into its extracellular spaces (11, 48, 49, 50, 
51). A progressive increase in the content of radiophospholipid was observed 
for as long as 200 hours after the administration of inorganic P® (46). Once the 
maximum amount of labeled phospholipid has been deposited, its loss from the 
brain occurs very slowly (46). Even as late as 800 hours after P® administra- 
tion the brain still contained 70 per cent of the amount of labeled phospholipid 
present at the 200-hour interval. Brain cephalin and sphingomyelin are more 
rapidly renewed than lecithin (11, 20). 

A larger fraction of the administered P® is recovered as radiophospholipid 
in the various brain divisions of the young than in those of the old animal. 
Maximum recoveries of injected P* were observed in the whole forebrain of the 
15 gram (1 week) rat and in the whole spinal cord, whole cerebellum and whole 
medulla of the 25 gram (2 weeks) rat (47, 48). An interesting correlation was 
observed between these recoveries of P® as phospholipid and the rate of deposi- 
tion of total phospholipid in all brain divisions. The maximum deposition of 
total phospholipid in all parts of the brain (52) occurs in rats between the ages 
of 1 week (15 gram) and a little over 2 weeks (30 grams). This latter interval 
represents the period of intense myelination in the brain (53). 

Within the same animal the recoveries of P** as phospholipid per gram of tissue 
are not uniform in the various divisions of the brain (47). The highest recovery 
of phospholipid P*? was found per gram of spinal cord from birth until the time 
the rat attained a weight of 50 grams. During this time the recovery of P® 
as phospholipid in spinal cord is 2 or more times that in forebrain. The cord 
is most closely approached in recovery by medulla, while cerebellum lies between 
medulla and forebrain. In rats larger than 50 grams a change in the order of 
phospholipid P* incorporation occurred. In older rats a higher recovery was 
observed in cerebellum, medulla and forebrain than in the spinal cord, in the 
order given. For each brain division the P® incorporated into phospholipid 
can also be expressed as a fraction of its total phospholipid content (specific 
activities). The highest values for specific activity of phospholipid were ob- 
served in the brains of the new-born rats. At all ages the highest specific activity 
of phospholipid was found in the cerebellum (54). 

The slow incorporation of P® into brain phospholipid as compared with that 
into liver and small intestine raised the interesting question whether nervous 
tissue could phosphorylate fat independently or whether it derives its phos- 
pholipid from plasma. To answer this question a study was made of the forma- 
tion of phospholipid by surviving brain slices kept in a Ringer-bicarbonate solu- 
tion containing radioactive phosphorus (55). The ability of brain of both old 
and young animals to form phospholipid independently was demonstrated. The 
excised nerve of a dog was also shown to be active in converting phosphate to 
phospholipid. The zn vitro formation of phospholipid will be dealt with below. 
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8. Muscle. As compared with its speed in tissues such as liver and small 
intestine, administered P* makes its appearance as phospholipid P® slowly in 
skeletal muscle (4, 11, 16, 17). This may be related to the rate of entrance of 
inorganic phosphorus into the muscle cell (11, 50, 59). No difference was ob- 
served in the phospholipid P® contents of leg and breast muscle of the bird at 
6 and 12 hours after the injection of labeled phosphate (16). Cardiac muscle 
incorporates more of the injected P® into phospholipid than does skeletal 
muscle (16). 

The turnover of phospholipid phosphorus is increased in the muscle of rats 
maintained on a diet deficient in fat (60). Denervation increased the rate at 
which administered P® is deposited in muscle phospholipid (37, 61). When 
compared with the corresponding muscle of the intact side, the dene: sated 
muscle may show increases of over 200 per cent in the amount of phospholipid 
P® incorporated. This change appears before any appreciable atrophy of the 
muscle. 

9. Neoplastic tissues. Phospholipid metabolism of tumors as measured with 
P® presents several unique characteristics. Their activity in converting in- 
jected inorganic P® into phospholipid is relatively high as compared with that of 
such tissues as liver, kidney and intestine (4, 17, 62). In contrast to the latter 
tissues, however, maximum deposition of phospholipid P® in neoplastic tissues. 
may last from 10 to 50 hours (17); the highest concentration of phospholipid 
P* in liver was observed about 10 hours after P® administration. Haven has 
measured the turnover of lecithin, cephalin and sphingomyelin in carcinosar- 
coma 256 (62, 53); the turnover of lecithins was found somewhat more rapid 
than that of cephalins. 

The rate at which injected P® is converted to phospholipid P* is not the same 
in all neoplastic tissues. Thus lymphosarcoma and mammary carcinoma were 
found distinctly more active in this respect than sarcoma 180 and lymphoma (17). 
This individuality among tumors was demonstrated by a procedure in which 2 
or 3 types of tumor transplants were grown side by side in the same animal (64). 
No relation was observed between the phospholipid P* content per gram of 
tumor and its preceding growth rate as measured by increase in mass (17, 64). 

10. Lipid phosphorylation in the laying bird and in the egg. The laying bird 
is characterized by a high phosphorus-turnover. <A single 60 gram (chicken) 
egg may contain as much as 0.5 gram of phosphorus combined in various com- 
pounds. Egg-laying increases the rate at which injected inorganic P® is de- 
posited as phospholipid in 3 tissues of the bird: blood, ovary and oviduct (16). 
Administered P® makes its appearance rapidly in the phospholipid and other 
phosphorus compounds of the yolk (16, 65). The amount of P® deposited in the 
yolk can be accounted for as a function of 2 variables: yolk growth and P® avail- 
ability during the period of new formation (66). From a comparison of the 
specific activities of various tissues in the laying bird, Hevesy and Hahn (65) 
have concluded that the bulk of the yolk phospholipid is derived from plasma, 
but formed in the liver. Chargaff (67) states that the rates of formation of 
“free” lecithin and cephalin and of the ‘‘combined”’ phospholipid accompanying 
the vitellin fraction are the same. According to Hevesy et al. (68), the phos- 
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pholipid molecules of the chick embryo are not derived from the yolk but are 
synthesized by the embryo itself. 

11. The adrenal gland and phospholipid formation. Since it was first proposed 
by Verzar (38) that adrenalectomy interferes with the processes of phosphoryla- 
tion, numerous attempts have been made to obtain evidence for or against this 
view. Stillman (39) measured phosphorylation of fat directly by means of the 
incorporation of P® into phospholipids of liver and small intestine of rats com- 
pletely deprived of both adrenal glands. No interference in lipid phosphoryla- 
tion was observed in adrenalectomized rats no matter whether they were in good 
condition while maintained on a high NaCl intake or whether they were showing 
manifestations of adrenal insufficiency. Barnes et al. (41, 42) found no inter- 
ference in the rates of incorporation of tagged fatty acids into phospholipid 
molecule after adrenalectomy. There are 3 bonds that must be formed in order 
to build a lecithin or cephalin molecule from its 5 components: 1, fatty acid- 
glycerol ester linkage; 2, a bond between phosphate and glycerol, and 3, a bond 
between phosphate and choline. The first of these has been shown to occur 
in the adrenalectomized animal by means of a tagged fat, whereas studies with 
P® show that the 2 phosphate bonds can be formed in the absence of the adrenal 
glands. These 2 types of investigations establish the ability of the adrenalec- 
tomized animal to synthesize new phospholipid molecules. 

12. Phlorhizin. In the intact animal, Weissberger (56) has shown that phlor- 
hizin does not inhibit the incorporation of P® into phospholipid of kidney, 
intestine, liver, etc. She employed doses as high as 65 mgm. as a single injec- 
tion. This observation in the intact rat has been confirmed in the writer’s 
laboratory when even larger doses of phlorhizin were used (57). Taurog found, 
however, that the incorporation of P*? into phospholipid of surviving liver slices 
is decreased in the presence of 0.01 M phlorhizin (58). 

D. The In Vitro Formation of Phospholipid. The demonstration of the in- 
corporation of phosphate into the phospholipid molecule by excised tissue 
slices offers a new approach to the study of the mechanism of formation of 
phospholipid molecules (69). This was made possible by the use of radioactive 
phosphorus as a labeling device. The sensitivity of the radioactive procedure 
for measuring phospholipid is such as to permit the accurate determination of 
traces of newly formed phospholipid. Detection of this type of phosphorylation 
could only be made with a tagged phosphate, since formation of the new mole- 
cules proceeds in the presence of a net decrease in total phospholipid in the sys- 
tem. Although the breakdown of non-radioactive phospholipid does not ob- 
scure the entrance of phosphate into the phospholipid molecule, it may, by 
diluting the P*, decrease the percentage of P® incorporated into phospholipid. 
Phospholipid formation was first shown for liver slices by suspending them in a 
Ringer-bicarbonate buffer containing radioactive NasHPO, of very high specific 
activity. Since the ratio of inorganic P* to phospholipid P* was kept higher 
in this type of experiment than in that with intact animals, special precautions 
were necessary for the separation of phospholipid from labeled phosphate. The 
formation of radiophospholipid was observed as early as 1 hour, and the amount 
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formed increased with time up to 4 hours. At the 4-hour interval as much as 6 
per cent of the added P*® was incorporated into phospholipid per gram of wet 
tissue when 300 mgm. of liver slices were suspended in 5 cc. of the buffer solution 
containing 0.18 mgm. of labeled NagHPO,. The extent to which the separation 
hetween phospholipid and phosphate was effected is well shown by zero-time 
experiments. When no time was allowed for the synthesis to occur, practically 
no counts (radioactivity) were obtained in the phospholipid extracted despite the 
fact that the radioactivity of the NasHPO, present in the bath was equivalent 
to 1 X 10° counts (69). 

Thermodynamic considerations. The nature of the linkages in the phospholipid 
molecule is such that the hydrolysis of this molecule would be expected to occur 
with a decrease in free energy. For example, the hydrolysis of the phosphate- 
alcohol bond in glycerolphosphate involves a value of A F° of —2280 calories 
(70, 71), and it may be expected that the value for the hydrolysis of a similar 
bond in the phospholipid molecule would not differ greatly. Since there are 2 
alcohol-phosphate bonds (both involving the same P atom) in the phospholipid 
molecule, the hydrolysis of both these bonds in a single reaction should involve 
a A F° value at least twice that noted above for a single bond. The A F° for the 
hydrolysis of the phospholipid molecule to inorganic phosphate would therefore 
be expected to be of the order of — 5000 calories. 

In applying these considerations to conditions in the tissue slice, it should be 
noted that the system is heterogeneous and one in which the concentrations of 
the various components involved in phospholipid formation are unknown. But 
the probability remains that even under the conditions of the tissue slice the 
hydrolysis of phospholipid to inorganic phosphate proceeds with a sizable de- 
crease in free energy and that the tendency of the reaction is far in the direction 
of hydrolysis. It is to be expected, therefore, that the reverse reaction, namely, 
the formation of phospholipid from inorganic phosphate, would be an energy- 
consuming reaction. Hence, in the synthesis of phospholipid from inorganic 
phosphate coupling with energy-producing reactions should be suspected. Con- 
siderable evidence is at hand to show that such coupling actually exists. Anaero- 
bic conditions, cyanide, and other respiratory inhibitors were found to inhibit 
the incorporation of radioactive inorganic phosphate into phospholipid (72). 
Apparently phospholipid formation is dependent upon tissue respiration and 
energy-producing reactions. 

Relation of cellular oxidations to in-vitro phospholipid formation. The de- 
pendence of phospholipid formation upon oxygen consumption can be shown by 
measuring the incorporation of labeled phosphate into phospholipid by surviving 
liver and kidney slices in the presence of various mixtures of oxygen and nitrogen 
(72). In a nitrogen atmosphere, phospholipid formation by kidney and liver 
was inhibited to the extent of 90 per cent. Since in this experiment there was no 
certainty that oxygen was completely excluded from the cells proper, the residual 
synthesis of phospholipid should not be ascribed to a non-oxygen-utilizing 
system. 

As noted above, energy must be supplied in order to incorporate inorganic 
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phosphorus into the phospholipid molecule. Apparently lipid phosphorylation 
occurs only in the presence of aerobic oxidations. Further support for this view 
came from a study of the effects of the respiratory inhibitors, cyanide, hydrogen 
sulphide, azide, and carbon monoxide upon lipid phosphorylation. Inhibition 
of phospholipid formation by both liver and kidney to the extent of 90 per cent 
or more was observed in the case of cyanide and hydrogen sulphide. Concen- 
trations of NaCN as low as 0.005 M almost completely inhibited phospholipid 
formation in both tissues. Carbon monoxide in high enough concentrations 
and azide as low as 0.005 M also severely reduced lipid phosphorylation (72). 
Evidence was obtained that the CO inhibition was reduced by strong light. 
These respiratory inhibitors are believed to inhibit the activity of cytochrome 
oxidase. The evidence at hand therefore suggests that the energy required 
for lipid phosphorylation is provided by aerobic oxidation through the cyto- 
chrome system. 

The extent of in-vitro formation of phospholipid by liver, kidney and brain 
was found to be related to the state of tissue organization (55, 69). Homo- 
genized liver completely lost its ability to incorporate phosphate into the phos- 
pholipid molecule. Much less phospholipid formation was shown by homoge- 
nates of kidney and brain than by slices of these tissues; in both these tissues, 
however, the capacity to convert inorganic phosphorus to phospholipid was not 
completely lost by their homogenates. This loss or decrease in activity of dis- 
integrated tissue may be due to dilution of substances essential for the synthesis 
or to their destruction by enzymes (73). Potter’s recent sbservations are of 
interest in this connection (74). He has shown that the succinoxidase activity 
of homogenized liver was increased by the addition of cytochrome C. The 
decreased activity of the homogenate was ascribed to the dilution of the cyto- 
chrome C consequent upon disruption of the cell. 

Although it was found that the conversion of inorganic phosphate to phos- 
pholipid as measured in the above experiments depends upon the presence of 
oxygen, this observation does not rule out the existence of an appreciable reser- 
voir of anaerobic energy available for phospholipid formation. At least one 
source of such anaerobic energy cannot be detected in the above experiments. 
Suppose, for example, that the phosphorus that enters a phospholipid molecule 
is contained in another compound, R-phosphate, whose free energy of hydrolysis 
(to form inorganic phosphate) is greater than that of formation of the lipid- 
phosphate bond. ‘Then the R-phosphate, if already present, could conceivably 
provide both the energy and the phosphate required for phosphorylation of 
lipids. The anaerobic formation of phospholipid through such a mechanism 
could not be detected in the experiments described above, since the phosphorus 
of R-phosphate was not labeled. 

E. On the Mechanism of Formation of Phospholipid from Inorganic Phosphorus. 
1. The question of exchange. The observation that inorganic phosphorus is 
readily incorporated into the phospholipid molecule raises the question of the 
mechanism involved. Although the exact details whereby this occurs are not 
known at present, it is possible to rule out certain reactions which for conve- 
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nience will be grouped under the category of “exchange reactions.’’ For the 
purpose of this review, “exchange” will be defined as the simple interchange of 
atoms or radicals between two different molecules, such as the interchange of the 
phosphate radical between inorganic phosphate and the phospholipid molecule. 
To be classified as an exchange reaction, interchange must take place without 
the addition of energy from an external source or from energy-producing re- 
actions. If, for example, the decomposition of phospholipid molecules to, 
inorganic phosphorus proceeds as a spontaneous reaction at the same time that 
inorganic phosphate is being reformed into phospholipid with the aid of an 
energy-producing reaction in the cell, such a process will not be included among 
exchange reactions as defined here. 

Two mechanisms of exchange reactions that conceivably may be involved 
in the conversion of radioactive inorganic phosphorus to phospholipid will be 
considered. a. Exchange through collision: Collision between an inorganic 
phosphate molecule and a phospholipid molecule could result in an interchange 
of P atoms or of phosphate radicals. Radioactive inorganic phosphate might 
thus become incorporated into a phospholipid molecule solely as the result of 
such a collision. ‘The experimental observations show, however, that the forma- 
tion of radioactive phospholipid does not take place through such a mechanism. 
The failure of homogenized liver to form radioactive phospholipid as well as the 
inhibitory effect of anaerobic conditions and respiratory inhibitors offers con- 
vincing evidence that exchange through collision does not occur to an appre- 
ciable extent. b. Exchange due to reversibility of reactions: A single chemical 
reaction is usually considered as the net result of 2 opposing reactions proceeding 
simultaneously in opposite directions at different rates. The rate of the for- 
ward reaction usually decreases more and more as equilibrium is approached, 
whereas the rate of the backward reaction constantly increases as equilibrium 
is approached. At equilibrium both rates become equal. Even though the 
tendency of a reaction is far in the direction of decomposition or hydrolysis and 
the rate at which its equilibrium is attained is slow (this is most likely the case 
in the decomposition of phospholipid in a tissue-slice experiment), the reverse 
reaction may occur to a slight degree even during the early period of the forward 
reaction. This small amount of reversibility gives rise to a possible mechanism 
of exchange. For example, in the tissue-slice experiment a slow net decrease 
in the total amount of phospholipid was observed (72). Although the rate of 
decomposition of phospholipid was quite slow (10-20 per cent in 3 hrs.) and 
equilibrium for this reaction is probably far in the direction of complete hydrol- 
ysis, it is still possible that a small but appreciable amount of radioactive in- 
organic phosphorus becomes converted to phospholipid through the slight 
reversibility of the reaction. A slight reversibility of this kind must be kept 
in mind in view of the sensitivity of the labeling procedure with radioactive 
material. 


This type of exchange, however, can be excluded as a result of experiments 


6 This excludes activation energy. Energy of activation may be involved in exchange 
reactions. 
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with respiratory inhibitors (72). As already noted, the formation of radioactive 
phospholipid in the liver is almost completely inhibited under anaerobic condi- 
tions and in the presence of cyanide, whereas the decomposition is unimpaired 
under these conditions. If the formation of radioactive phospholipid actually 
took place through such an exchange mechanism, it is difficult to see how the 
rate of formation could be inhibited under exactly the same conditions in which 
breakdown was unchanged. Moreover, in the case of homogenized liver, 
formation of radioactive phospholipid was completely inhibited, whereas the 
breakdown of phospholipid proceeded as usual. 

Thus the available evidence indicates that radioactive phosphorus is not 
incorporated into phospholipid through exchange mechanisms as defined here. 
The evidence suggests rather that coupling with some energy-producing system 
of the cell is involved. 

2. Intermediates. Although it is not possible at present to identify the inter- 
mediate compounds involved in the conversion of phosphate to phospholipid, 
it is of interest to consider here a few of the possibilities. The structure of 
lecithin suggests that glycerolphosphate and phosphory! choline might act as 
intermediates, whereas the structure of cephalin suggests glycerolphosphate 
and phosphoryl ethanolamine as intermediates. Glycerolphosphate and 
phosphoryl! choline containing P* were prepared in this laboratory by Taurog 
(58), and their incorporation into phospholipid of liver and kidney was tested 
in vitro by surviving slices of liver and kidney, and also in vivo. The incorpora- 
tion of the P® into phospholipid of liver and kidney in both the intact animal 
and in slices was demonstrated. These experiments provided no certainty 
that breakdown of these labeled compounds to inorganic phosphorus did not 
occur before the conversion of the radioactive phosphorus to phospholipid. 
It has been shown, however, that the breakdown of glycerolphosphate in the 
presence of animal phosphatase is very slow at pH 7.4 (75). Moreover, Welch 
states that the hypothesis that choline chloride is phosphorylated and used in 
the synthesis of lecithin is supported by the finding that the phosphoric acid 
ester of choline chloride is unaffected by liver phosphatases and therefore pro- 
tected from destruction in the liver (27). Although no attempt was made in 
Taurog’s experiments to separate lecithin and cephalin, it should not be inferred 
that the precursors are the same for these 2 compounds. For example, phos- 
phoryl choline might serve as a precursor for lecithin, but from Stetten’s work 
it is unlikely that it is a precursor of cephalin (28). 

It is very improbable that a single pathway exists for the conversion of in- 
organic phosphate to phospholipid. It is conceivable that compounds like 
glycerolphosphate, phosphoryl choline, phosphorylaminoethanol, diglycerides, 
triglycerides (neutral fat) may be involved as intermediates. The sequence in 
which various intermediates combine with one another need not be orderly. 
The possibility that phosphoproteins may serve as intermediates in the forma- 
tion of phospholipid has been suggested by Chargaff (67). 

Lipmann’s interesting views (71) on the rdle of ‘‘energy-rich phosphate 
bonds” in intermediary metabolism raise the question whether a compound 
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containing such an “energy-rich phosphate bond” is involved in the formation 


of phospholipid. On this assumption a mechanism such as the following may 
be postulated: 


(1) HPO, + R > R ~ ph, 


where ~ denotes an energy-rich bond (71) 


1 

| 

(2) ss niin H, ‘eedicidacn 
| O | O 


| | 

HC—O—C—R, + R ~ ph— HC—O—C—R, + R;COOH + R 
| | 
| 


O | O 
| 4 
H,C—O—C—R; H, C—O—P 
IN 
OH O- 
neutral fat phosphatidic acid 


The addition of choline or ethanolamine to the phosphatidic acid would then 
complete the phospholipid molecule. The nitrogenous base may also be at- 
tached to the compound R ~ ph before it enters the phospholipid molecule. 
Other mechanisms involving R ~ ph as an intermediate can be postulated. 
The oxidative energy required for phosphorylation of lipids might all be used 
to provide compounds containing energy-rich phosphate bonds. Once such 
compounds are formed, the phosphorylation of lipids could take place spontane- 
ously. Under anaerobic conditions or in the presence of respiratory inhibitors 
no R ~ ph is formed and the only lipid phosphorylation that can occur is that 
involving R ~ ph already present. 

I]. LABELING OF THE PHOSPHOLIPID FATTY ACIDS. The complexity of the 
fatty-acid composition of phospholipid molecules has not made easy the measure- 
ment of their fatty-acid turnover. In much of the work that has appeared on 
this phase of phospholipid metabolism it has been overlooked that a labeling 
agent serves as a tag only for those substances from which it is chemically in- 
distinguishable. A suitable labeling procedure for studying the endogenous 
metabolism of fatty acids would be to introduce a small amount of fatty acids 
tagged in such a way that the body cannot distinguish them from its natural 
fatty acids. The administration of the various naturally-occurring fatty acids 
labeled by the presence of deuterium in a non-reactive position would approach 
this closely. 

The following methods of labeling fatty acids have been used in phospholipid 
investigations: highly unsaturated fatty acias. iodized fatty acids, elaidic acid, 
deutero-fatty acids and conjugated fatty acids. Only the last 3 will be con- 
sidered here. 


1. Elaidic acid. This stereoisomer (trans isomer) of oleic acid, which does 
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not occur naturally in the animal body, was introduced by Sinclair as a label 
for phospholipid fatty acids (76). Elaidic acid is well tolerated by rats even 
when fed in large amounts. Kohl has shown that this fatty acid is utilized and 
stored; storage occurs chiefly in the adipose tissue (77, 78). After being depos- 
ited in the depots of the rat, elaidic acid is slow to disappear from the body (79). 
Kohl observed that absorbed elaidic acid disappeared from the body at the rate 
of 72 mgm. per hour in rats fed elaidin alone and at the rate of 35 mgm. in rats fed 
elaidin along with sugar and protein (77, 78). Whether or not elaidic acid is 
transformed into other fatty acids by saturation, desaturation, etc., has not 
been determined. 

The extent to which elaidic acid can be incorporated into phospholipid mole- 
cules has been measured by Sinclair. Elaidic acid constituted from 26 to 30 
per cent of the phospholipid fatty acids of liver, small intestine, muscle, kidney 
and blood cells of rats that had been raised on a diet rich in elaidin or fed this 
fat for long periods of time (2, 80). According to Sinclair, most of the elaidic 
acid incorporated into phospholipids serves to replace fully saturated fatty acids. 

Two tissues fail to incorporate elaidic acid into their phospholipids to any 
appreciable extent. In rats reared on a high elaidin diet maximum incorpora- 
tion of elaidic acid into phospholipid fatty acids of the brain was about 7 per 
cent (81). Even less was found for testes phospholipids (80). 

Despite the fact that the maximum amounts of elaidic acid incorporated into 
the phospholipid fatty acids of small intestine, kidney, liver and muscle were 
roughly the same, the rate of its entrance into the phospholipids of these tissues 
differed considerably. Maximum incorporation occurs in less than one day in 
small intestine and in somewhat over one day in liver. In kidney and muscle 
one-half of the maximum incorporation occurred in about 3 days (82). Although 
the maximum incorporation of elaidic acid is somewhat higher in liver lecithins 
than in cephalins, the rates of uptake by these 2 fractions in the liver are about 
the same (83). 

Administered elaidic acid appears early in plasma phospholipids of the cat 
(84). A rapid replacement of phospholipid fatty acids of the plasma is indicated 
by the observation that, in the short space of 8 hours after the feeding of elaidin, 
about 20 per cent of the plasma phospholipid fatty acids consisted of elaidic 
acid; more than 20 per cent was found at 48 hours. No elaidic acid appeared 
in the phospholipids of the red blood cells during the first few days after the 
feeding of elaidin (84). 

Haven (85) has shown that 18 per cent of elaidic acid can be incorporated 
into tumor (carcinosarcoma 256) phospholipid fatty acids. Little difference 
was observed in the maximum incorporation in these tumors whether the rats in 
which they were grown had been raised on a high elaidin diet or had been placed 
on this diet at the time of inoculation. The rate of entrance of elaidic acid into 
the phospholipids of this tumor is slower than into those of liver but faster than 
into those of muscle. 

The significance of elaidic acid as a labeling agent will now be considered. 
It must be obvious that elaidic acid is not a label for all fatty acids of phospho- 
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lipid molecules. No single fatty acid can serve this purpose. This might 
explain the finding that not more than 30 per cent of the phospholipid fatty 
acids of active tissues like liver and small intestine can be replaced by elaidic 
acid even after the animal has been maintained on a high elaidin diet for many 
months. The rate at which elaidic acid enters tissue phospholipid would be 
more meaningful if it were known whether elaidic acid remains unmodified by 
desaturation or saturation before entering phospholipid molecules. Elaidic 
acid may not be a suitable labeling agent for studying metabolic changes in 
fatty acids, since such changes might transform elaidic acid so as to render it 
indistinguishable from other fatty acids. Fatty acids labeled with deuterium 
are probably more suitable for this purpose. The effect of permeability of a 
tissue to elaidic acid upon its rate of incorporation into phospholipid in short 
experiments should be considered; the question of permeability is of importance 
as a possible rate-determining step in the use of all labeling agents. The diffi- 
culty in accepting a single fatty acid as typical of the fate of all fatty aeids is 
perhaps well brought out by the question of permeability of the cell to different 
fatty acids. It cannot be inferred that a given cell shows the same permeability 
to elaidic acid or its derivatives as it does to natural fats. Finally, it has been 
pointed out that it is not yet known whether one or 2 elaidic acid molecules enter 
into each phospholipid molecule. 

Hevesy points out (11) that in order to obtain quantitative conclusions from 
experiments carried out with elaidic acid as an indicator it is necessary to com- 
pare the elaidic-acid content of the phospholipid in an organ with the elaidic- 
acid content of the fatty-acid mixture available for phospholipid synthesis in 
cells of that organ. The assumptions found necessary in order to derive quanti- 
tative measures of phospholipid turnover with P® as a labeling agent apply 
equally well to any other labeling agent. 

2. Fatty acids with a characteristic absorption-spectrum. Miller and Burr 
(86) have used tung oil which contains eleostearic acid with 3 conjugated double 
bonds. More recently Miller et al. (87) used prolonged saponification to convert 
fatty acids of low ultraviolet absorption to ones with conjugated bonds having 
high spectral absorption. In this way the linoleic acid of corn oil is converted 
to fatty acid containing conjugated double bonds, a process that results in an 
increase of approximately 100 times in the absorption coefficient (88). The 
use of this labeling agent is very limited. Experiments must be confined to 
short intervals, since the labeled fatty acid is probably changed in the animal 
body to substances with low ultraviolet absorption. It is apparent that results 
obtained with fatty acids labeled by conjugation can yield interesting informa- 
tion about their fate; they should not be taken to indicate the metabolism of 
phospholipid fatty acids in general. The points made in the paragraph on the 
significance of elaidic acid as labeling agent apply equally well to fatty acids 
labeled by conjugation. 

Conjugated fatty acids when administered per os are incorporated into both 
phospholipid and neutral-fat fractions of the intestinal mucosa (89). Inter- 
estingly enough, the entrance of these fatty acids occurred more rapidly into 
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neutral fat than into phospholipid. Maximum incorporation into neutral fat 
of the mucosa took place at one hour, at which time over 50 per cent of the 
triglyceride fatty acids were conjugated fatty acids. About 6 per cent of 
phospholipid fatty acids was replaced by tagged fatty acids at one hour, and a 
maximum of about 15 per cent was found at 8 hours. Barnes ef al. (89) urge 
caution in accepting the view that phosphorylation of fat is an essential step 
in fat transport. 

Barnes et al. (40, 41, 42) studied the effects of adrenalectomy upon the ab- 
sorption of conjugated fatty acids and their incorporation into phospholipid 
and neutral-fat fractions of intestinal mucosa and liver. The rate of entrance 
of tagged fatty acids into phospholipid of intestinal mucosa and liver is not 
impaired in the adrenalectomized rat maintained in good condition by salt 
therapy. This reaction apparently does not require the adrenal cortical hor- 
mone. In the absence of the adrenal glands, the incorporation of tagged fatty 
acids into neutral fat is markedly decreased in the liver but proceeds at a normal 
rate in the intestinal mucosa; the administration of cortin restores the normal 
rate cf entrance of conjugated fatty acids into liver triglycerides. 

Barnes et al. (90) observed a decrease in the incorporation of labeled fatty 
acids into the phospholipids of the intestinal mucosa of fat-deficient rats. The 
incorporation of conjugated fatty acids into intestinal mucosa phospholipids 
in vitro was demonstrated (91). 

3. Deuterated fatty acids. Cavanagh and Raper (92) fed a labeled fat pre- 
pared by the partial deuteration of unboiled linseed oil. Four and eighty-seven 
hundredths per cent of the H atoms of the fat was deuterium. This fat was fed 
to rats and the atoms per cent deuterium incorporated into acetone-insoluble 
lipids (phospholipids) and into glycerides compared in various tissues. The 
incorporation of fatty acids containing D into phospholipid was shown for liver, 
kidney, brain, blood corpuscles and plasma. At all intervals the highest atoms 
per cent D was observed in liver phospholipids. The atoms per cent D found 
in kidney phospholipid was approximately one-third of that found in liver 
phospholipid. The lowest incorporation of D was observed in brain phospho- 
lipid. Since plasma phospholipid contained a lower atoms per cent D than 
liver at the end of 6 hours, these workers suggest that the incorporation of 
deuterated fatty acids into phospholipid occurred in the liver. The deposition 
of deuterated fatty acids into the phospholipid and neutral-fat fractions of liver 
and depot fat has also been noted by Barrett, Best and Ridout (93). 

Sperry, Waelsch and Stoyanoff (94) also fed a deuterated linseed oil to rats 
and showed that only traces of labeled fatty acids made their appearance in the 
brain, while the largest concentrations appeared in liver and small intestine. 
From experiments in which growing rats were fed D.O, Sperry et al. (95, 96) 
have concluded that the brain synthesizes a large part or even all of its own fatty 
acids. This evidence, along with that recorded above in the section dealing 
with the phosphate radical, indicates that the incorporation of both fatty acids 
and phosphate into phospholipid molecules of the brain takes place to a con- 
siderable extent within the brain itself. 
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III. LABELING OF THE NITROGENOUS BASE. Stetten (28, 29) has followed the 
fate of dietary choline and ethanolamine by means of heavy nitrogen (N*). 
Within 3 days, at least 21 per cent of the choline present as phospholipid in the 
whole animal was replaced by isotopic dietary choline. Within the same 
period, at least 28 per cent of the phospholipid ethanolamine of the animal body 
was replaced by the labeled ethanolamine fed. These values show that a rapid 
regeneration of the phospholipid molecule occurs with respect to its nitrogenous 
base. The incorporation of labeled dietary choline into phospholipid was found 
to be most active in the liver, less active in the gastrointestinal tract, and least 
active in the brain. 

Stetten has shown that ethanolamine is rapidly converted to choline in the 
animal body. The extent of this conversion was shown in an experiment in 
which, over an interval of 3 days, dietary ethanolamine contributed at least 
11.5 per cent of phospholipid choline. The methylation of ethanolamine to 
choline was observed even in rats maintained on diets poor enough in methyl 
groups to produce fatty livers (29). Interestingly enough, the demethylation 
of choline to ethanolamine was not observed. 

Welch (26, 27) has demonstrated the incorporation of arsenocholine (in 
which arsenic replaces the nitrogen of choline) into liver and brain lecithin. 


The writer is indebted to A. Taurog, H. Schachner, D. Zilversmit and M. 
Morton for assistance and suggestions in the preparation of this manuscript. 
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Repair of nervous tissue comprises all the processes by which, after severance 
or other lesion, the capacity for effective function is restored. The power of 
these restorative processes is such that in Amphibia full functional capacity may 
return even when whole new stretches of nerve have to be made, or after sever- 
ance of the spinal cord. In Mammals, where the functions served by the nervous 
system are more complex, full return of function is more rare. In the peripheral 
nerves it occurs only after simple lesions such as a crush, and only limited powers 
of regeneration remain in the central nervous system, though they may be suffi- 
cient to produce functional union between the severed ends of the spinal cord 
(Sugar and Gerard, 1941). 

It is necessary to emphasise the truism that regeneration only ends with re- 
covery because research on the subject has not, in the past, clarified equally all 
of the stages which must take place before the whole process is complete. The 
great controversy whether autogenous regeneration- can occur in an isolated 
peripheral stump forced some of the best workers to emphasise especially the 
growth of the axon tip, until, in the minds of many, that process alone has be- 
come synonymous with nervous regeneration as whole. But the journey of the 
axon tip to an end organ is only the most dramatic of the phases in the process 
of regeneration, and its arrival is alone no guarantee of the return of useful 
function. Before that result is achieved a whole series of processes must occur; 
they may be divided as follows: 

1. Closure of the gap between the severed stumps, mainly by the outgrowth 
of Schwann cells from the peripheral stump. 

2. Retrograde degeneration of the cut central ends of the nerve fibres, and the 
sending out of many fine branches. 

3. The progress of the tips of the axons from the central stump across the scar 
to the peripheral stump. 

4. Break-up of the axons and myelin in the peripheral stump, and removal of 
their remains by macrophages. 

5. Multiplication of the nuclei of the Schwann cells and increase in the volume 
of their cytoplasm to make the Schwann-bands (bands of v. Biingner') which 
eventually fill the old sheaths. 

6. Progress of the axon tips along the peripheral stump, spinning out new 
fibres behind them. 

7. The arrival of the growing tips at an end organ and the making of an union 
with it. This union may at first be atypical, and we should include here the 
subsequent process of normalisation. 

8. The increase in diameter of the fibres originally laid down, their medulla- 


1 Boeke (1935) points out that Hanken described these bands in a doctor’s thesis of 1885. 
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tion, and any other processes which may be necessary before they can conduct 
such impulses as can produce effective function. These processes of adjust- 
ment may possibly include not only changes in the nerve fibres, their cells 
of origin and perhaps their central connections as a result of the new peripheral 
connections, but also the addition of subsequent fibres, led along into the pe- 
riphery guided by contact with the successful fibres (see Weiss 1941a). 

For a satisfactory understanding of regeneration we need information about 
the way in which each of these processes occur, and especially about their rates. 
Only with such knowledge shall we be able to assess the influence on the final 
result of incompleteness or delay at any stage. But in spite of the great amount 
of work on the subject the processes listed under several of the above headings 
are known only in outline, and for none of them have we that detailed quantita- 
tive information which is necessary for practical purposes. As in other biological 
fields the fact that the stages successively reached during regeneration can be 
made the subject of fascinating visual examination by the microscope has to 
some extent hindered study of the processes by which these stages are reached. 
Indeed the routine methods of the neurohistologist are for the most part quite 
unsuited for making continuous observations. The considerable success ob- 
tained by Williams (1930), Speidel (1932, ete.) and Clark, Clark and Williams 
(1934) by simple continuous observation of the unstained nerves shows how 
much can be achieved in this way. 

In this review an attempt will be made to summarise recent advances in 
knowledge about each of the stages into which nervous regeneration can be 
divided, with special attention to the way in which each process occurs and to 
its rate of progress. In this way we may achieve an understanding of the factors 
which determine the time necessary for recovery, and also an insight into the 
obstacles which are most likely to prevent recovery or reduce its effectiveness. 
It is especially necessary to make such a review because of advances during the 
past decade in our knowledge of nervous functioning, and particularly of the 
importance of the presence of fibres of various sizes (see Grundfest, 1940; 
Erlanger and Gasser, 1937). There have also been great advances recently 
in understanding of the detailed structure of nerve, and the significance of this 
structure for functioning (see Schmitt and Bear, 1939). As there are already 
several excellent reviews of earlier work on nervous regeneration? the ground 
covered by them will, so far as possible, be avoided. 

The composition of normal nerves. In Mammals effective function never re- 
sults from the conduction of a single nerve impulse, but depends on series of 
impulses in each fibre, properly synchronised with those in many other fibres. 
We may consider each single fibre as a unit only if we remember that it plays 
a part in biologically valuable functioning only when acting in proper combina- 
tion with others. If the process of regeneration is to be effective it must restore 
the fibres to a state in which this again becomes possible. ‘The whole secret of 
a proper understanding of the more subtle variables of nervous regeneration is 


2 Stroebe (1895), Perroncito (1907), Boeke (1921 and 1935), Nageotte (1932), Spielmeyer 
(1929), Cajal (1928), Lee (1929), Huber (1922) and Rossi and Gastaldi (1935). 
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an appreciation of the status of each individual fibre as a propagator of impulses 
of appropriate velocity and as a member of a company, with which its work 
must harmonise. Since we do not yet fully understand this status even in a 
normal nerve it is not surprising that we are unable to explain the tantalising 
delay and discouraging imperfections which may occur during regeneration in 
man. The information we possess about facilitation both at central synapses 
and neuromyal junctions makes it seem probable, however, that the first requisite 
for proper functioning of a fibre is that it must carry impulses at the right speed 
and frequency, and we have now reason to suppose that this implies that it must 
have the right diameter and degree of medullation. Since our problem is to 
discover how nerves return to their normal state we must first enquire how the 
various components of a nerve fibre differ in the differing fibre types which have 
been recognised. The normal nerve fibre is a system able to propagate messages 
by virtue of its composition of concentric layers of substance. At the centre is 
the axoplasm, a complex mixture, probably of semi-fluid consistency and con- 
taining at least some long submicroscopic rodlets arranged parallel to the main 
axis of the fibre. This longitudinal organisation is shown by the birefringence 
of the axon (Bear, Schmitt and Young, 1937), and perhaps by the “‘neurofibrils” 
which the axoplasm sometimes presents. There is no evidence to show how, if 
at all, this longitudinal organisation is related to functioning, and indeed Schmitt 
and Schmitt (1940) find that there is no change in birefringence during the 
passage of a nerve impulse. In stained preparations there appear to be some 
differences in the composition of the axoplasm in different animals, but there is 
no evidence that there are significant differences between the axoplasm of fibres 
of different types in any one animal. The diameter of the axon, however, has 
an important influence on function, impulses moving faster in the larger axons 
(see Pumphrey and Young, 1938). Many other features, such as the refractory 
period, also vary with diameter, but the influence of variation in diameter alone, 
apart from medullation, has been too little investigated. 

Bounding the axoplasm is presumed to be a membrane, the axolemma. This 
has never been convincingly demonstrated under the microscope, though 
Boveri and others have described an inner neurilemma which, as Ménckeberg 
and Bethe (1899) remark, may be the same thing as the ‘Axencylinderscheide’. 
As the latter authors observe, this inner membrane is quite different from the 
neurilemma and should not be given a name which suggests any similarity. 

However, there is certainly a layer which has very peculiar properties, recently 
summarised by Cole (1941) and including a capacity of 1.1 uF /cm?, a resistance 
of a few hundred ohms/cm?, an element of inductance comparable to 0.2 henry/ 
em?, and a marked rectifying action. With such properties it is not surprising 
to find that the membrane is differentially permeable to ions and that there is 
a very high concentration of K’ and low of Na’ and Cl- within the fibre (Bear 
and Schmitt, 1939; Webb and Young, 1940). There is every reason to suppose 
that these properties of the membrane are essential features of the mechanism 
by which impulses are propagated, but at present we know little of how they 
vary in different fibres. 
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Around the axon there is often a visible myelin sheath, which may be de- 
scribed as ‘‘a type of smectic structure in which concentric sheets of protein are 
interspersed between layers of lipoids so as to form structures which are repeated 
periodically in a radial direction” (Schmitt and Bear, 1939, p. 38). This layer 
is interrupted at intervals by the nodes of Ranvier and perhaps the incisures of 
Schmidt-Lanterman. The distance between the nodes increases with diameter 
(Hursh, 1939) and is probably an important characteristic of the functioning 
of the fibre. Even those fibres which are usually considered non-medullated 
possess a layer of orientated fatty molecules around the axon, this being revealed 
by special methods, even when it contains too little fat to appear after treatment 
with osmium tetroxide. It therefore seems probable that some such arrange- 
ment is essential for all nervous conduction. The thickness of the myelin sheath 
must affect many of the fundamental properties of nerve, but there are as yet 
few controlled data in which medullation is considered apart from diameter. 
Certainly the presence of a thick myelin sheath increases the speed of conduction 
of impulses. For instance prawns have heavily medullated fibres, and these 
conduct much faster than any other crustacean fibres of similar diameter 
(Holmes, Pumphrey and Young, 1941). In vertebrates the A fibres, which have 
the greatest conduction velocity, are heavily medullated, but as they are also 
of greater diameter than other fibres it has not yet been possible to say exactly 
how the two factors are related. The important point is that proper function- 
ing presumably depends on the existence of fibres of various sizes, degrees of 
medullation and hence of conduction velocity. We have still however only 
fragmentary information about the rates of conduction of the impulses set up 
by various afferent stimuli (see Zotterman, 1939; Erlanger and Gasser, 1937). 
To be effective regeneration should presumably restore these detailed features, 
but we have as yet no accurate information as to the degree to which this can 
be accomplished (see p. 349). We do not even know how the diameters and 
medullation are normally produced; do they depend on the size of the cell body 
from which the fibre issues, or on some property residing in the environment of 
the peripheral fibres themselves? Hursh (1939) has shown that during post- 
natal growth in the cat diameter and conduction velocity increase in proportion 
to the length of the leg, so that the conduction time remains constant as the 
animal grows. 

The outer boundary of the myelin is usually said to be marked by the neuri- 
lemma or sheath of Schwann, but visual knowledge about this region is not satis- 
factory, and there is much obscurity about the terminology (see Munzer, 1939). 
The term neurilemma was used before the time of Schwann to mean the connec- 
tive tissue sheaths of the nerve, including what (following Key and Retzius, 
1873) we now know as epi-, peri- and endo-neurium. This use still persists, for 
instance Cajal sometimes used neurilemma for epineurium (e.g., 1933, p. 310, 
though on p. 313 he uses it in quite a different sense). In 1839 Schwann de- 
scribed ‘“‘a structureless and peculiar membrane, of finely granulated appear- 
ance’’, or “thin pale membrane”’ which covers the ‘‘white substance” (myelin) 
and has “hitherto been included with the neurilemma’”’. He emphasised that 
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this membrane was not fibrous but granular and ‘‘a cell nucleus is here and there 
seen lying in the pale border which surrounds the white substance’’. These 
phrases clearly establish that Schwann supposed that his pale membrane was a 
cell, and that it was distinct from the “‘neurilemma’’. 

Elsewhere he says that the “nucleus seems... to lie upon the inner surface 
of the cell membrane’’, and this is the relationship which has been accepted by 
most later workers. For instance Cajal (1928, p. 42) says “nerve fibres... 
show, under the membrane of Schwann, and outside the myelin, a very thin 
clear zone, finely granular . . . (this zone) shows an ovoid nucleus”’ and is in fact 
the cell of Schwann. The most general belief is that this protoplasmic layer, 
the cell of Schwann, more or less completely surrounds the myelin, but its exact 
extent has never been demonstrated. Nemiloff (1908), Cajal (1928), Nageotte 
(1932), Boeke (1935) and others have described it as a thin layer or set of strands 
over the whole myelin surface with slight thickenings near the nodes, and 
Nemiloff and others have also supposed it to extend within the myelin. It is 
admitted, however, that the layer is so thin that it often cannot be seen except 
near the nucleus (v. Biingner, 1891). 

The “‘membrane of Schwann” on the other hand can be clearly seen in teased 
preparations and sections as a thin layer, closely adherent to the myelin, and 
curving in at the nodes of Ranvier. The relation of this membrane to the sur- 
rounding connective tissues has, however, also given rise to controversy. <Ac- 
cording to the account of Plenk (1934) there is no special relationship of the layer 
usually called the membrane of Schwann to the cell of Schwann. Following this 
view the sheaths are best described by speaking of an inner endoneurium, or 
sheath of Plenk and Laidlaw (1930), consisting of a network of argyrophil 
reticulin fibres, and an outer endoneurium of collagenous longitudinal fibres 
(sheath of Key and Retzius, 1873). Cajal indeed recognises that what he calls 
the “‘membrane of Schwann” is not distinct from the endoneurium, and he 
speaks of the collagenous tube as “not a new peritubular sheath, but... a 
re-enforcement of the membrane of Schwann’”’ (1928, p. 63), or ‘“‘a fibrillar re- 
inforcing cover (sheath of Retzius) around the membrane of Schwann’”’ (1933, 
p. 320). 

The problem cannot be satisfactorily solved until we know more about the 
chemical nature and histogenesis of these membranes. Plenk’s solution has an 
attractive simplicity, and it must be admitted that there is no reason, except 
their close proximity, for supposing that the membrane of Schwann is a product 
of the cell of that name. On the other hand there is also no more reason to 
assume it to be the product of fibroblasts, and it certainly stains somewhat dif- 
ferently from collagen. 

The term “neurilemma”’ has thus become hopelessly confused, indeed Key and 
Retzius suggested as early as 1873 that it should be abandoned. However it 
has become so widely used that -.ere is perhaps no harm in retaining both it and 
the term sheath or membrane of Schwann for the same structure, namely, the 
closely adherent sheath (inner endoneurium) which bends in at the nodes. This 
is not the sense in which Schwann used “‘neurilemma’’, but that cannot be helped 
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if we are to retain the modern use. The terms neurilemma, sheath or membrane 
of Schwann will not be taken here to include the protoplasmic component, which 
will be referred to as the cell of Schwann. It is most important to make this 
distinction since during degeneration the protoplasm of the cell behaves very 
differently from that membrane which we are now agreeing to call the neuri- 
lemma or sheath of Schwann. 

A nerve fibre, then, is a unit made up of these various substances, and able to 
carry nerve impulses. Each fibre is able to play its particular part in normal 
functioning by virtue of a, its central and peripheral connections, and b, the 
speed and the frequency with which it conducts impulses. Nerve fibres are not 
all alike but differ especially in diameter, length of internode and thickness of 
medullation, these being the factors which control speed and maximum fre- 
quency of conduction. The study of regeneration is therefore the study of 
those processes by which a, the appropriate connections, and b, the appropriate 
diameters and degrees of medullation are restored. 

In either normal development or regeneration the production of a nerve fibre 
is the result of the combined activity of at least three types of cell, the neuron, 
the Schwann cells and the fibroblasts of the endoneurium. But the substances 
of the fibre may be extracellular (e.g., collagen and myelin) and the whole fibre 
as a unit transcends the cells in function, and probably in development. On the 
other hand both during development and after damage the cells certainly act 
separately from each other. The migrations of the Schwann cells as described 
by Harrison or Speidel are in striking contrast with their passive state as parts of 
the lamellated structure of the normal nerve fibre. 

After severance of any fibre the whole system breaks up in the portions no 
longer connected with a nerve cell body, the axoplasm and myelin disappearing. 
But the nerve as a whole does not disappear, even if it is left uninnervated for 
long periods, though it shrinks to about one half of its diameter. The Schwann 
cells and connective tissues remain and undergo changes anticipatory of re-in- 
nervation. Indeed these tissues, and especially the endoneurium, are able to 
maintain the pattern of the nerve, forming a system of “Schwann tubes” in spite 
of the absence of nerve fibres. Moreover these tubes are not all equals, each able 
to re-form any type of nerve fibre. Besides the peripheral connections which al- 
low each Schwann tube to lead a new fibre back only to certain districts, each 
also maintains, even in degeneration, a certain specificity of diameter. This means 
that it can reconstruct only a certain range of fibre types (p. 348). When axons 
ultimately return their reconstruction into functional fibres is therefore very 
largely influenced by the environment which each growing fibre finds in the 
peripheral stump. Full function will only recover if an adequate number of cen- 
tral fibres reaches tubes in the peripheral stump which are sufficiently appropriate 
to allow them to mature properly and to reach endings not very different from 
those with which they were formerly connected. 

Comparison of regeneration with development of anerve. The study of the mech- 
anism by which normal nerves are produced in ontogeny has much that is rele- 
vant to the investigation of regeneration (see Detwiler, 1936; Weiss; 1941a, b). 
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Following Weiss we may recognise that ‘“‘the establishment of a peripheral nerve 
involves three overlapping phases: First the free outgrowth of a group of pio- 
neering fibres through non-nervous surroundings. Second, the bound outgrowth 
of subsequent fibre generations along the line laid down by the pioneering fibres. 
And third, the towing process in which the nerve is drawn out by ‘growth’ ”’ 
(1941, p. 165). We have only very little information about how during develop- 
ment the outgrowth is organised to ensure proper connections. After rejecting 
various current theories of attraction of fibres from adistance (chemotropismetc., 
see p. 335). Weiss concludes that they are guided by “contact action’’, that is to 
say, they grow along surfaces or lines of stress which are produced by or among 
the developing organs with which they come into relationship. He suggests 
further that fibres which make successful connections ‘‘acquired some contact 
property which made their surface sticky, or otherwise a pathway of preferential 
application, for other fibres growing out subsequently” (p. 181). But as re- 
gards the problem of how the nerve fibres come to have appropriate sizes we have 
no more information during development than during regeneration. 

For comparison with ontogeny, and as a general working hypothesis we may 
suggest that regeneration in adult mammals consists essentially of: 1. The free 
sprouting of many new nerve fibre branches from the central stump, and cords of 
Schwann cells from the peripheral one, so that some of the former meet the latter 
and are conducted along to the end-organs. 2. The maturation by increase in 
diameter and medullation of some fibres, perhaps especially those which make 
functional connections. 3. lhe atrophy of the rest. The schemes for re- 
generation and development are similar in postulating an initial outgrowth which 
is “free’’ except of course that it takes place especially easily along certain sur- 
faces or lines of stress. However no stage similar to that of Weiss’ ‘‘bound”’ 
phase of subsequent fibre growth is here postulated for regeneration, for reasons 
given on p. 369. On the other hand, during regeneration the fibres grow out into 
a field containing pathways that are already partly specifically differentiated, 
namely, the Schwann tubes of the peripheral stump. 

If this thesis is true it means that successful restitution of function is the re- 
sult of the development of those fibres whose central and peripheral connections 
are such, after the outgrowth, that they can be used, rather than the direction by 
successful fibres of others following in their wake or by changes in central con- 
nections. This is the hypothesis in the light of which we shall examine the 
various phases of regeneration, but it must be recognised how much is obscure, 
even in its formulation. 

The union scar. The structural union between the sutured ends of a nerve is 
formed by the combined action of Schwann cells and fibroblasts. The former 
very rapidly undergo a striking metamorphosis into long fibrous structures which 
pour out from the stumps into the space between the cut ends. This remarkable 
process has been known for some time but has not received the attention it de- 
serves (see Ingebrigtsen, 1916; Kirk and Lewis, 1917; Nageotte, 1932; Masson, 
1932). That these cells should be able to move is perhaps not surprising in view 
of their migrations during development (Harrison, 1924). Speidel (1932) has 
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watched their wanderings during regeneration in the tail of the tadpole, and 
Ingebrigtsen (1916) first showed that they make similar movements in tissue 
culture. 

It is important to realise the rapidity and extent of this outgrowth. Kirk and 
Lewis report that the Schwann nuclei near the scar begin to accumulate proto- 
plasm after 24-36 hours and ‘‘after removal of a segment 12 mm long the proto- 
plasmic bands have completely bridged the tube of serum at the 6th day”. 
They considered that the cells grow out from both stumps, but more rapidly from 
the central. This may perhaps be true for some stages, but Young et al. (1940) 
found in the rabbit that if large gaps were left between the stumps the outgrowth 
from the distal end was, at least in the early stages, the more extensive. Indeed a 
central stump which is left isolated and very remote from a peripheral one builds 
a broad bulb, but not usually a long outgrowth. It seems that the Schwann 
cells do not continue their migratory activities when they are innervated, and 
indeed this agrees with the observations of Ingebrigtsen (1916), confirmed by 
Abercrombie and Johnson (1942), that in tissue culture they only grow out from 
degenerated stumps, not from fresh nerve. 

On the other hand the proliferation from the peripheral stump is usually very 
apparent as a whitish cloud or set of strands, the form and length depending on 
the surrounding conditions. Examination of sections shows parallel rows of 
Schwann cells running through the fibrous tissue. Mitotic divisions can be seen, 
but it is not clear whether they occur chiefly towards the tip or throughout the 
tissue which has wandered out. Nor is it yet certain whether the outgrowth con- 
tinues only for the period during which there is nuclear proliferation in the pe- 
ripheral stump or indefinitely. If the latter then very large outgrowths should be 
found after a peripheral stump has been left isolated for a long time. In our 
series of rabbit’s nerves we have not found this to be the case. Quite long out- 
growths may be rapidly formed during the early stages, but they do not increase 
continually. 

There are few data to show what factors, if any, make for attraction of these 
outgrowths toward the opposite (central) stump. They tend to grow along any 
supporting line which they can obtain. Thus in some experiments a portion was 
excised from the tibial nerve in the thigh, while the peroneal, which lies alongside 
it, was left intact. The outgrowth from the peripheral stump then took place 
very readily alongside the intact nerve, in some cases producing thick and definite 
strands which we christened ‘“‘ghost nerves” (fig. 1). 

The observations of Kirk and Lewis do not allow separate calculation of the rate 
of outgrowth from the two stumps, but measuring the extent of the proliferation 
in cases in rabbits in which no union had been effected across gaps we have found 
rates of outgrowth from the peripheral stump approaching 1 mm/day, assuming 
no latent period before outgrowth begins. Speidel (1932) saw movements of 
Schwann cells by as much as 200 per 24 hours in newly regenerated zones in the 
tails of tadpoles. In our series the amount of outgrowth varies considerably, for 
reasons which are not wholly clear. The most vigorous outgrowths were ob- 
tained not from freshly cut stumps, but from those which had been previously de- 














326 JOHN Z. YOUNG 


generated for some time. This agrees with the finding by Abercrombie and 
Johnson (1942) that the power of emigration of Schwannn cells in vitro reaches 
its maximum after about 20 days of degeneration. 

This power of outgrowth of Schwann cells must be of the greatest importance 
for the regeneration of nerves, since it is the main agent by which physical con- 
tinuity is restored between the intact axons of the central stump and tke old 
pathways in the peripheral one. In some animals considerable gaps can cer- 
tainly be bridged in this way. Thus Gutmann and Sanders (1942) have found 
partial recovery of the power of spreading the toes in the rabbit 117 days after 
complete excision of 2 cm. from the peroneal nerve which mediates this function, 
a thick strand having joined the stumps. After simple severance and suture at 
this level recovery occurs after about 80 days. However, in addition to the one 
animal which showed functional recovery after removal of a stretch of nerve 
five others were operated but failed to recover within 180 days The restoration 
of function by bridging gaps in this way is therefore bot uncertain and in- 
complete. Vanlair (1894) found that after removal of 1 to 3 cm. of tibial nerve 





























Fig. 1. Sciatic nerve of the rabbit in the thigh 180 days after removal of a stretch of 2 cm. 
from the peroneal division, P. There is a neuroma, N,on the central and a glioma, G, on the 
peripheral stump. Between these there is a ‘ghost nerve’’G.V. The approximate bound- 
aries of the new tissue formed are shown by the stippling. 7, tibial division; S, sural 
division. 
from dogs functional recovery could occur (after long delay), but not after re- 
moval of 4 em. 

It is probable that gaps of the extent of 1 to 3 mm. can be effectively crossed in 
this way in Man. But for return of the more complex functions nothing but the 
best conducting pathway for new fibres is adequate, and it is doubtful whether 
the outgrowing Schwann cells can provide this over long distances. It is impor- 
tant in any case to realise that the body is provided not merely with the power to 
make new connections when the old are cut, but actually to build new stretches of 
nerve. Under natural conditions such provision is indeed a necessary antecedent 
to the whole process of regeneration, there being no other surgeon available to 
join the stumps together. It would perhaps be worth considering the possi- 
bility of devising means of encouraging and directing this process so as to make it 
possible to provide an effective bridge across large gaps. Probably such new 
stretches of nerve play a part in the recovery of not a small proportion of human 
cases, even with existing technique. 

Besides the Schwann cells there are also abundant fibroblasts in the region 
between the two stumps, and their products no doubt produce most, if not all of 
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the tensile strength of the junction. Presumably the two tissues exert powerful 
influences on each other, but it is not clear which, if either, of them controls ori- 
entation in the newly formed tissue. One main difficulty for the histologist is to 
distinguish between the two types of cells at all. The only really safe guide is the 
characteristic methed of growth of the Sc::iwann cells in strands, several side by 
side, which produces an appearance different from that of fibroblasts, even when 
the latter are longitudinally orientated. 

Retrograde degeneration and sprouting ‘rom the central stump. The changes 
which go on in the central stump have been described by many workers (see es- 
pecially Perroncito, 1907; Bersou, 1912; Ranson, 1912; Cajal, 1928). Essentially 
they consist in the destruction of the region immedixtely adjacent to the cut, and 





Fig. 2. Outgrowth from the central end of a human axon divided 26 days previously: 
The axoplasm has flowed out into strands, mainly laterally. Bodian’s fixation and staining 


the giving out by the stretch of nerve above this of very numerous branches. 
The retrograde degeneration includes a break-up of the myelin as well as the 
axon, and there is considerable proliferation of the nuclei of the Schwann cells. 
These changes begin about the 3rd day and may proceed for a considerable 
distance (up to 2 cm., Ranson, 1912, 3-4 cm., Ménckeberg and Bethe, 1899). It 
is often forgotten that there may also be a very considerable complete central de- 
generation of many fibres and their cells after severance of a nerve. Thus 
Ranson (1906) found that half of the cells in a spinal ganglion disappear within 
two months when the nerve is cut close to the ganglion in rats. The cells con- 
nected with non-medullated fibres are particularly vulnerable (Ranson). Green- 


man (see p. 335) has found that fibres may even degenerate on the opposite side 
of the body. 
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Since the work of Nissl it has been known that the cell bodies of neurons whose 
axons have been severed may show the changes known as chromatolysis (see 
Bielschowsky, 1935). This begins as early as the first day, the Nissl granules 
disappearing from the dendrites and then later from the cell body. In ex- 
treme stages the whole cell becomes pale and its nucleus excentric in position. 
But the degree of chromatolysis is very variable. It is more severe when the 
lesion is close to the cell body, and especially if the nerve is evulsed rather than 
merely cut. Romanes (1941) has shown that severance of nerves in the distal 
part of the limb may fail to produce any chromatolysis. Possibly the changes 
are concerned with the disturbance of the arrangement of the axoplasm which 
results from the outflow from the cut point (see below) which must upset the 
structural and ultrastructural arrangement of the substances at least in the 
neighbourhood, if not also further away. The maximum extent of chromatolysis 
is seen during the second and third weeks, after which the Nissl substance begins 
to return, first around the nucleus and eventually throughout the cell. 

The appearance of the numerous new sprouts has been many times described, 
but it is still not clear by what process they are produced. Since the substance 
of some axons at least is semi-fluid and flows freely from the cut end of a large 
nerve fibre (Young, 1935, 1936), it is possible that the budding consists essentially 
of such an outpouring. Gutmann and Sanders (unpublished) find that the axons 
in the central stump above a suture are always smaller than normal, as if they had 
become depleted by an outflow. On the other hand the brush-like appearance 
which is so often produced strongly suggests the division of the original axon into 
a number of fibrillae. As Cajal acutely puts it ‘““(The) phenomena of neurofi- 
brillar creation oblige one to believe that within the ultramicroscopic units in the 
protoplasmic skeleton there are present transversal and longitudinal divisions, 
which cause the formation of new series or linear colonies’”’ (1928, p. 162). 

In any case this process is certainly of crucial importance for the whole act of 
regeneration, since it is only by virtue of the presence of very large numbers of 
tentative outgrowths that appropriate connections are ultimately restored. It 
is difficult to give an accurate estimate of the number of branches so formed. 
Perroncito’s figure 27 shows 24 of them coming from one fibre, but very many of 
those shown are thick and clearly likely to divide again. Ranson (1912) esti- 
mates “fifty or even more’’, so perhaps 100 branches is not an over-estimate. It 
would be interesting to know whether large fibres give more branches than small 
ones and thus obtain an advantage in making of new connections. Castro (1930) 
saw very many on regenerating postganglionic fibres. Levi (1941) reports that 
in tissue culture the number of branches produced by a fibre is increased by ir- 
radiation with radium. Greenman (1913) has investigated the extent of the 
increase in number of medullated fibres at various levels central to the lesion. 

The new buds are formed as early as the third hour after section, according to 
Perroncito, but it may be that these early buds are abortive and disappear. Cer- 
tainly the greater number of new sprouts are formed after retrograde degenera- 
tion has taken place. Various formations are seen, the advancing tips appearing 
as brushes, bulbs and especially rings, which are present in very great numbers 
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during the first three weeks. We have seen them in severed human nerves as 
early as the 4th and as late as 26th day, but it may be that they occur outside 
these limits. It is only necessary to look at the beautiful figures of Cajal and 
Perroncito to see that the processes during these early stages are not simple and 
should not be thought of too diagrammatically. Branches are put out in all 
directions, and often in most unexpected ways. Thus Perroncito notes that 
several fibres may join ai a single ring, or a fibre may proceed from one ring to 
another. Silver preparations at this stage often show isolated rings attached to 
no fibres (fig. 2) and these are probably not artefacts but points which, failing to 
advance, are degenerating. The fibres do not all grow down the nerve, many 
pass up it and, at the edges, laterally. When an outgrowing tip becomes ob- 
structed there develop either large ‘‘axon bulbs” or, by a process of spiral back- 
ward growth, the very complicated spirals of Perroncito. Both of these forma- 
tions are definitely the result of obstruction to the path of forward growth, and 
they make no effective contribution to the end-result. Dustin (1917) looked for 
them carefully in a series of human amputation neuromas and found that they 
gradually decrease with time, and are not present in stumps more than 90 days 
after amputation. In our series of rabbit neuromas we have also noticed this 
decline, though some axonic bulbs may remain for very long periods. The ab- 
sorption of these conspicuous but useless structures gives a clear demonstration 
that some process of adjustment is continually going on in a nerve, with re- 
moval of superfluous axons or branches. Similarly there is evidence that 
branches growing out from the central stump which do not reach the peripheral 
one are sometimes, though not always, absorbed, and the small loops, so abun- 
dant at the beginning of regeneration, are not found after about three weeks. 
Unfortunately we know nothing of the nature of the “‘trophic”’ influences which 
protect functioning fibres from such destruction. 

Neuromas and methods for preventing their formation. The neuroma which 
forms on the central end of a severed nerve is a result of the power of outgrowth, 
exercised without the collaboration of the Schwann tubes of a peripheral stump. 
Guttmann and Medawar (1942) have proved that it is the “pressure” of forward 
growth of nerve fibres which produces a bulb, by tying two ligatures on a nerve. 
A bulb then forms only above the upper one and not at the lower, at which, of 
course, there are no nerve fibres. Nerve fibres accompanied by central Schwann 
cells may progress for some distance forwards through foreign tissues, but usu- 
ally they grow not straight but in all directions producing a large bulb, rather 
than a long outgrowth. Dustin (1917), Huber and Lewis (1920) and Marinesco 
(1918) have analysed the histology of these bulbs and the first named recognises 
in them three regions. a, The fascicular zone in which the bundles have under- 
gone retrograde degeneration and are separated from each other by an “‘in- 
terstitial oedema’’; b, the plexiform zone where the bundles spread out, chang- 
ing direction abruptly at the level of the cut, and c, the trabecular zone, consisting 
of outgrowth into neighbouring tissues. The bulb is thus made up of nerve 
fibres and proliferated Schwann cells which have pushed out from the cut end, 
usually as isolated strands, running in irregular directions, each containing one or 
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few axons and surrounded by a collagenous sheath. Throughout the whole 
swollen region there is a great deal of fibrous tissue. 

Such end bulbs go on growing slowly for a long time, perhaps indefinitely. 
Both in human cases and animal experiments the size of bulb is found to in- 
crease with the time after severance, though the rate of growth is low. It is not 
known what conditions produce bulbs which give pain (see Corner, 1918, 1919). 
In a proportion of cases it is infection, and in others simple mechanical irritation. 
The size of the bulb is often an important factor, though very small bulbs may be 
painful if they form in exposed places. 

The ideal method for preventing the formation of neuromas might be dis- 
covered if we understood why it is that outgrowth stops when a nerve fibre 
reaches itsend organ. Alternatively it might be possible to encourage that retro- 
grade degeneration and atrophy of cell bodies which certainly takes place in some 
cells when their axons are severed (Ranson, 1906). Until research has yielded 
further information about these problems the only methods available for inhi- 
bition depend on killing the fibres as far back as possible by making injections 
into the nerve, and then placing obstacles in the way of regeneration by suturing 
the epineurium (see Stookey, 1922). The injection of alcohol has been used at 
least since the time of Weir Mitchell. However Bersou (1912) and Huber (1920) 
showed that alcohol injection does not indefinitely prevent regeneration, and 
Guttmann and Medawar (1942) have recently re-investigated the question, in- 
jecting various substances into cut rabbit nerves. They find that a region in- 
jected with alcohol is rapidly invaded by macrophages, among which new fibres 
grow out readily, so that no inhibition is produced and a large neuroma is formed. 
On the other hand tissue injected with strong formol is removed only very slowly 
and the resultant tissue provides a very poor path for new fibres. Even after a 
year such nerves present no end bulb, but taper down to a fine strand. Formol 
has already been used by Foerster and othersin man. Satisfactory “inhibition’’ 
was also produced by Guttmann and Medawar by injections of solutions of gentian 
violet, a very powerful protoplasmic poison, the nerve appearing as a tapering 
strand even at long periods after severance, when controls had produced large 
bulbs. 

Crossing of the scar. The period of re-organisation of the central stump and 
initiation of outgrowth lasts only fora few days. Cajal (1928) estimates that by 
the end of the 2nd day fibres begin to enter the scar proper, and Cajal, Perroncito 
and Ranson all agree that some fibres are found beyond the central stump on the 
second day, though they may be abortive outgrowths, and the majority cer- 
tainly come much later. There has been considerable controversy as to how the 
fibres are supported during their passage across to the peripheral stump. Fol- 
lowing the experiments of Harrison (1910) which showed that in tissue culture 
nerve fibres can grow out freely without other tissues, some workers have sup- 
posed that during regeneration they also grow freely at their tips. Others have 
maintained that from the outset they are in more or less intimate connection with 
the Schwann cells in the scar. Nageotte (1932) has especially developed this 
view, holding that nervous tissue is always supported by ectodermal Schwann 
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tissue and never comes into contact with mesodermal derivatives. Lewis and 
Kirk (1916) state definitely that “the bands grow down first, and the nerve 
fibres follow along them”’, and that the bands are “‘nature’s effort for ensuring a 
pathway for the regenerating axis cylinders’. Among those of this school 
opinions differ as to whether the axons lie on or within the bands. Lewis and 
Kirk say that ‘sometimes the fibre is embedded in the cytoplasm of the proto- 
plasmic band, sometimes it lies very near the surface’’. 

On the other hand Cajal (1928) maintained that axon tips could definitely 
grow out freely without special cellular support, and the observations of Speidel 
(1933) seem to support this view; ‘“‘the early sprouts grow into mesenchymatous 
spaces, encountering a loose network of fibroblasts (p. 60)”. He saw no sign 
that the new nerve sprouts are orientated by the Schwann cells, which indeed 
become applied to them only later (1932, p. 310). 

Probably there is a certain truth in both views. During the early stages, such 
as those figured by Perroncito (see fig. 2), there is no question of the brushes, 
bulbs and rings being anything but free outgrowths. They are very small and 
far too numerous for each to find support. On the other hand it is very rare to 
find even the thinnest fibre running unsupported across the scar. In the early 
stages they cin be seen to be attached to the surface of the Schwann cells. There 
can be little doubt that it is only when provided with some such support that they 
succeed in progressing for considerable distances. Good evidence of this is the 
fact that isolated central stumps are only able to make very short outgrowths, al- 
though when Schwann bands, provided by the peripheral stump are present, 
large gaps can be crossed (see p. 325). On the other hand once the new fibre 
has entered one of the old tubes of the peripheral stump it proceeds down its inner 
wall without, at first, necessarily making contact with a Schwann cell (p. 325). 
It is evident that the Schwann cell surface, though frequently used, is not the 
only medium over which nerve fibres can grow rapidly. 

Perhaps the solution of the problem lies in considering not only the movements 
of the axon tip but also the conditions under which it is able to spin a fibre be- 
hind it. In spite of all the information available about the visible phenomena 
we know practically nothing about the process of growth as such. Should 
it be considered as a mere flowing, or is active synthesis of fresh axoplasm taking 
place, and if so where? It is not unlikely that it is only when travelling along a 
suitably fibrous surface that the molecules of the material behind the growing 
tip become so orientated as to produce a fibre. Direct evidence about this is 
provided by one of our rabbits in which a piece had been excised from the sciatic 
and the central stump injected with formaldehyde. In the resulting nerve 
bizarre outgrowths were found in the form of flattened leaf-like sheets, and all of 
these were unaccompanied by sheath cells. Indeed, as figure 2 shows, the 
earliest outgrowths are often of irregular form and “protean’’ rather than fibrous. 
It is only when the outgrowing matter becomes applied to a suitable surface that 
it advances and spins a fibre. 

Factors making for good union of stumps. Under optimal conditions remark- 
ably direct pathways are established between the two stumps even as early as 
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15 days after suture. More or less parallel strands run across the region of 
union, so that a tissue very similar to normal nerve is rapidly re-established, con- 
sisting of Schwann cells with axons attached and surrounded by collagenous 
sheaths. Even under the best conditions there is some criss-crossing, and of 
course there is no guarantee that the new fibres enter pathways similar to those 
with which they were previously connected. Anything which disturbs direct 
re-connection is to be avoided. The ideal is presumably that the stumps should 
present cross sections having a structure approaching that of normal nerve, and 
with no fibrosis of the endoneurium such as is often found in regions damaged 
by gun shot wounds. Unfortunately, it is not known whether good recovery 
can be made after sutures in which the central stump has undergone degeneration 
and re-innervation as a result of the injury, and contains few, or small medullated 
fibres. It is hoped to decide this question by careful recording of a series of 
cases now under examination. 

While it is undesirable for the stumps to be strongly pressed against each other, 
close apposition is certainly the ideal. In all of our cases where there was sep- 
aration, even of a small amount, the fibres were seen to run criss-cross, and the 
suggestion of Nageotte (1918) that such gaps should be left intentionally is 
dangerous. Figure 2 shows unless the new outgrowth finds suitable tissue with 
longitudinal orientation into which to grow it will put out irregular and lateral 
processes. It is the resulting plexus formation, and the consequent failure of 
many of the new fibres to reach the peripheral stump which makes the functional 
result so much less good after severance and suture of a nerve than after inter- 
ruption by crushing or other means which conserve the longitudinal organisation. 
We do not yet know of any means by which the formation of a longitudinally 
organised tissue at the suture line can be encouraged. Research directed to the 
problem might do very much towards improving the results of nerve suture. 
In the meanwhile we can only emphasise the need to use every care to prevent 
transverse organisation or blocking of the outgrowth; sutures which pass through 
the substance of the nerve should of course be avoided. If gaping at the edges 
is allowed direct union is seen only at the centre of the nerve and care should be 
taken to make thorough epineurial sutures, holding, as far as possible, two flat 
nerve surfaces together. 

Sargent and Greenfield (1919) and Guttmann (1942) have investigated the 
reactions set up in nerve by various types of suture material. Catgut should be 
avoided, since it sets up a reaction which may be sufficient to obstruct the new 
outgrowth. Coloured silks (especially green, but also to some extent black) 
were also found to set up reactions. Fine white silk or linen thread provides 
the most suitable of the usual materials, but Guttmann also recommends the 
use of fine woman’s hair, which sets up very little reaction, is very small and yet 
easy to use. 

Young and Medawar (1940) have suggested the use of concentrated fibrinogen, 
poured over the stumps while they are held together, and allowed to clot. This 
has been found most valuable for suturing small nerves, such as the peroneal of 
the rabbit which can only be joined very roughly by stitches. For experimental 
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purposes it is particularly useful to be able to make a series of similar unions, since 
stitched sutures of these small nerves are very variable. In man (Seddon and 
Medawar, 1942) the use of plasma suture is limited by the fact that it will not 
hold any considerable tension. It has been found successful however for primary 
sutures, for instance of the median or ulnar at the wrist, in which the cut ends 
can easily be brought together. It is especially useful for placing of grafts, 
particularly cable grafts and thin grafts such as are used in the hands (see Bun- 
nell and Boyes, 1939). 

Weiss (1941c) suggests that nerves be joined by inserting the ends into an 
arterial tube. If an artery of suitable diameter can be found this might serve 
to hold nerves under slight tension, but it must be difficult to obtain accurate 
apposition within the tube, and to avoid damage to the ends of the nerve stumps 
during the process of threading. 

Grafts and other artificial bridges between stumps. No thoroughly satisfactory 
means has been devised for bridging the large gaps in nerves which often have 
to be repaired, especially after injuries received in warfare. The clinical and 
experimental literature is so confused, especially by the use of inadequate 
standards for assessment of recovery, that it is difficult to draw conclusions even 
about some procedures which have received quite extensive trial (see Sanders, 
1942, for review of the literature). There is reliable evidence that autografts 
composed of thin strands of cutaneous nerve can survive, become innervated and 
give good recoveries in man and animals. Such thin grafts have been used in 
surgery chiefly in the facial nerve (see Duel, 1933) and in the nerves of the hands 
(Bunnell and Boyes, 1939), in which situations there is no doubt of their success. 
Sanders and Young (1942) have shown that new fibres grow through autografts 
nearly as fast as through a normal peripheral stump, and that there is no basis 
for the fear expressed by Davis and Cleveland (1934) of a delay at the lower 
junction. Further Gutmann and Sanders (1942) found that autografts 2 cm. 
long placed in the peroneal nerve of the rabbit produce recoveries of motor func- 
tion which are nearly as quick and successful as can be produced by simple suture. 
New fibres do not penetrate autografts more quickly if they have been pre- 
degenerated as advocated by Ballance and Duel (1932), following a suggestion 
of Cajal. The chief advantage conferred by predegeneration is probably that 
suggested by Bentley and Hill (1936), that the nerves become firmer and hence 
easier to handle and to place in position. However it has recently been shown 
by Abercrombie and Johnson (1942) that Schwann cells reach their maximum 
powers of emigration during the period between 15 and 25 days after severance 
of a nerve (see p. 364) and it is therefore possible that grafts taken during this 
period would make better unions than would fresh ones. 

It is more difficult to form an opinion about the value of autografts in larger 
nerves. In some cases where unsatisfactory results have been recorded the 
grafts were very thin or otherwise unsuitable (Platt, 1921). For a graft to offer 
a cross section even approximately equal to that of one of the larger nerves of 
the limbs it must consist of several strands of cutaneous nerve. The insertion 
of such cable grafts presents technical difficulties of stitching, which may be 
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overcome by the use of the method of Elsberg (1919) or, very conveniently, by 
the use of concentrated plasma. Foerster (1929) has reported good results from 
a series of cases 1 which autografts were inserted and there seems no reason why 
they should not be successful if sufficient material can be obtained to make a 
thick cable. Seddon, Young and Holmes (1942) have examined histologically a 
cable graft which had been removed because of the unsatisfactory state of the 
peripheral stump. The grafted bundles were found to have survived very well 
and to be full of fibres in process of medullation. 

The problem of finding sufficient material to make a good graft would be easily 
solved if it were shown that homografts could be used, but the data about them 
are strangely meagre. In man there is no single case in which a satisfactorily 
placed homograft can be said to have been definitely a success or failure (see 
Bethe, 1917). Bentley and Hill (1936) found that homografts gave good recov- 
eries in monkeys and Gutmann and Sanders (1942) that in the rabbit recovery 
was only slightly slower after homografting than autografting. However 
Sanders and Young (1942) found that homografts are sometimes invaded by 
very large numbers of lymphocytes and that the rate of growth of new fibres 
through them is variable. 

The indications from functional recoveries made in animals are such as to 
encourage the trial of fresh thin homografts in suitable cases. It would perhaps 
be wise to resist at first the temptation to use thick grafts since these may undergo 
necrosis at the centre. Storage of homografts in various ways has been sug- 
gested (Dujarier and Francois, 1917; Bethe, 1917; Huber, 1922) and there are 
indications that perhaps such storage may even improve the graft (see Sanders 
and Young, 1942; Gutmann and Sanders, 1942). 

Various other forms of graft have been suggested but are contra-indicated 
either because they set up violent cell reactions (hetero-grafts) or because, being 
foreign bodies, they have to be removed before re-innervation takes place 
(aleohol-fixed grafts). Sanders and Young (1942) found that invasion of these 
grafts was at best exceedingly slow, and Gutmann and Sanders (1942) confirm 
that they give little or no recovery. Theoretically it should be possible to 
provide some scaffolding or line of tension along which the Schwann cells from 
the peripheral stump could exercise their powers of outgrowth and reach the 
central stump. But no satisfactory means of doing this has yet been devised. 

In the absence of any well-tried means of bridging gaps in nerves surgeons 
have resorted to various manipulative procedures, flaps, etc. (see Sanders, 1942), 
much the most important of which is mobilisation followed by suture with the 
limb suitably flexed. This is indeed at present the operation of choice for 
bridging a gap inanerve. By freeing the nerve for a long length and shortening 
its path considerable gains can be made, and the ends of the nerve brought to- 
gether while the limb is held flexed in a suitable position. After leaving an 
interval for union at the suture-line, the joint is then stretched (sometimes freely 
by the patient, sometimes by means of a turnbuckle) the nerve presumably in- 
creasing in length to the necessary extent. Success is undoubtedly frequently 
obtained with this method, but Highet and Sanders (1942) have found by taking 
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x-ray pictures of clips placed along dog’s nerves treated in this way, that no 
permanent lengthening of a nerve is produced by stretching, When stretching 
was too extreme damage was produced, and there is evidence that this also 
occurs in man (see Bethe, 1917; Stookey, 1922). Precautions must therefore 
be such as to prevent sudden or rapid stretching, which a nerve is not well suited 
to resist. 

Mention may be made here of the blood supply of nerve, which certainly 
has a big influence on the functioning of its fibres (see Biilbring and Burn, 
1939). The anatomy of the blood vessels running to nerves is reviewed by 
Adams (1942). Many vessels enter the trunks along their length, but the supply 
extends for great distances, so that removal of all vessels entering over a con- 
siderable stretch of nerve may not seriously affect its function. After denerva- 
tion the blood supply of the trunks remains intact, and indeed may be some- 
what increased. 

Neurotropism. Cajal (see 1928) first formulated the idea that new fibres are 
directed into the peripheral stump by some chemical attraction. This later 
developed into the view that the attracting stuff is produced by the “‘degener- 
ating’? Schwann cells, and therefore that nerves cut 10 to 15 days previously 
exert the strongest attraction, and should make the best grafts. 

Of the many experiments designed to test this hypothesis none is decisive. 
Those of Forssman (1898, 1900) show that in order to reach a peripheral stump 
outgrowing fibres may take a direction other than straight forwards from the 
tip of the central stump. But he studied only late regenerates, and did not 
exclude that earlier fibres had wandered in all directions, only those which 
reached the peripheral stump becoming medullated. He claims that axons 
grow into brain extracts but not liver, but gives no satisfactory documentation 
for this claim. Weiss (1934) was unable to demonstrate any attractive influence: 
of degenerated nerve tissue on outgrowth of nerve fibres in vitro. Tello (1914) 
claimed that regenerating cerebral fibres will enter a piece of peripheral nerve 
planted in the brain. This is a most important observation, but it would only 
constitute a proof of neurotropism if it could be shown that fibres from distant 
regions had been directed towards the graft. Sanders and Young (1942) found 
that fibres do not grow faster within predegenerated than fresh autografts and 
there is therefore no proof that a chemical attraction is produced by the degen- 
erating Schwann cells. 

Dustin (1910) reached the conclusion that iuhere was no chemical factor, but 
that fibres were led along by what he calls “‘odogenesis’’ or the “route-making”’ 
action of surfaces in the scar and peripheral stump. Dustin’s experiments do 
not constitute a decisive disproof of the chemical theory, though his view of 
the importance of surfaces is probably sound. 

Recent experiments in tissue culture have emphasised the importance of struc- 
tural factors in orientating the outgrowth, and in particular the significance of 
the fine structure of the medium. Ingvar (1920) claimed that axons growing in 
tissue culture are orientated by electrical potential gradients applied across. 
them, but Weiss (1934) failed to find evidence of response to such influences. 
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Weiss showed, however, that any orientation of the substance of the plasma 
clot, such as may be produced by tension or local dehydration, results in a corre- 
sponding orientation of the direction of outgrowth of the axon. He produces 
several lines of evidence to show that the orientation of nerve fibres is produced 
in this way by “the mechanical structure of the ground substance.” ‘The facts 
described below about the way new fibres grow into the peripheral stump strongly 
support this view. Further he points out that it is very difficult to reconcile any 
theory of galvanotropism or chemotropism with the fact that neighbouring nerve 
fibres may grow in both directions along a pathway. 

The theory of neurotropism is therefore not supported by any reliable evidence 
and many would adopt the position of Huber (in Stookey, 1922) ‘‘There is no 
conclusive evidence to substantiate this (chemio-attraction). ...It has seemed 
to me that the purely mechanical interpretation is more nearly in accord with 
observed facts than any other which could be given”’. 

The axons growing out in all directions from the central stump and Schwann 
cells in all directions from the peripheral stump provide the mechanism by which 
some fibres are re-connected with the empty tubes. From our experiments with 
severed nerves in rabbits we (Young, Holmes and Sanders, 1940) have seen much 
evidence to indicate that these two outgrowths are orientated toward each other 
by the tension which is exerted when stumps are cut and allowed to retract. 
But there is no evidence at all that growing fibres are attracted back into path- 
ways similar to those with which they were previously connected, and indeed 
everything seems to indicate that the mechanism for making appropriate new 
connections is the provision of very many new fibres, with reliance on the acci- 
dental entrance of some into suitable channels. 

Degeneration and preparation of the peripheral stump. It is, then, along the 
Schwann bands of the scar that the outgrowing axons travel to the peripheral 
stump. Since the outgrowing bands are derived as a stream from this latter 
they provide a conduction path straight back into the old tubes, being con- 
tinuous with the bands which are formed by the Schwann cells in the peripheral 
stump. The changes which culminate in the formation of these bands are 
usually described as a degeneration, but they really include two separate sets of 
processes: 1, the actual degeneration, that is to say, the break-up and removal 
of the axons and myelin, and 2, processes of preparation for regeneration, namely, 
the proliferation of the Schwann cells and their conversion into protoplasmic 
strands. 

The processes of breaking-up have been very thoroughly investigated (see 
Cajal, 1928; Nageotte, 1932; Weddell and Glees, 1941). The axon becomes 
srregular and fragments, and the myelin breaks up, first into a series of chambers, 
and then into the rows of round fatty granules which are so characteristic of de- 
generating nerve. The broken up pieces of axon and myelin are then gradually 
removed, mainly by the action of macrophages. Since the recognition of de- 
generation is of great importance for anatomical, pathological and experimental 
studies of nerves it would be of great value to have detailed knowledge of the 
time-limits of the various processes of break-up in man and animals. Changes 
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may begin to occur in the axons from the first moment after section (Speidel, 
1935) and nearly all are swollen and beginning to fragment after 12 hours (Setter- 
field and Sutton, 1935; Weddell and Glees, 1941). The breaking up of the axons 
begins on the second day and Weddell and Glees (1941) report that all fibres 
show some abnormality 48 hours after section of the nerves in the ear of the 
rabbit. But the break-up continues for a long time. In digital nerves of man 
we have found it to be not wholly complete on the 26th day, at which time 
stretches of axon can still be distinguished, though they are of abnormal structure. 
In the rabbit’s ear Weddell and Glees found no fibres resistant beyond the 4th 
day. Probably the fine fibres are more resistant than the larger ones. Thus 
Ranson (1912) found in the dog that whereas most of the non-medullated fibres 
degenerated very early some were more resistant than any medullated fibres, 
and survived into the third week. By the 25th day he found all axons degen- 
erated. Experience and good judgment are therefore necessary in deciding 
whether fibres found in a given stretch of nerve during the 2nd and 3rd weeks 
after section are undegenerated or the result of regeneration. Probably most 
of the fibres become obviously abnormal by the 10th day, or even earlier, but 
the possibility of survival of short isolated stretches of axon cannot be ignored 
at any time during the first three weeks. 

Myelin degeneration begins during the first day and proceeds rapidly, all 
fibres being affected to some extent within the first week. However since the 
first sign of degeneration is a breaking up into segments there are always consid- 
erable stretches between the breaks which, though somewhat swollen and ab- 
normal, may simulate normal fibres at least until the end of the second week, 
especially when seen in cross section. New medullated fibres begin to appear 
in the peripheral stump during the third week (p. 347) so great care is needed in 
the interpretation of the presence of medullation at any time. The removal of 
the fatty remains takes a very long time, and there has been some controversy 
as to how it and the axon removal are affected. Presumably the primary change 
is an autolysis of the axon, deprived of those mysterious trophic influences which 
emanate from the cell body. Perhaps the segmentation of the myelin then 
follows as a mechanical result of the collapse of its contents. The chemical 
break-up of the myelin involves its conversion to isotropic granules of triglye- 
erides, which begins as early as the 18th hour and is complete by the 6th day 
(Setterfield and Sutton, 1935). 

The break-up of the myelin into spheres and the removal of the latter is 
certainly associated with the activity of macrophages, which appear in consid- 
erable number from the 7th day onwards (in the rabbit), apparently entering 
from the sheaths around the nerve (fig. 3). Spielmeyer (1929) considered that 
the myelin break-up at first took place within the Schwann cells which then 
transferred the break-down products to mesodermal elements. Others have 
considered that the Schwann cells themselves perform a phagocytic function, 
and their protoplasm may indeed occasionally contain degeneration products, 
but they certainly do not act as active phagocytes. The removal of the products 
of degeneration is effected by the macrophages, which become filled with debris, 
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forming characteristic large foam cells, whose nucleus and cytoplasm are hardly 
visible for the great number of granules which they contain. Often several 
macrophages lie close together forming the swellings (‘fatty accumulations,” 
‘“‘myelinspheres’’) which occur along the course of the old fibres. These masses 
decrease in size and number during subsequent weeks, being less prominent at 
25 than 15 days. We find that in rabbit nerves examined 53 and 63 days after 
section macrophages are still numerous, and even at 79 and 85 days they are not 
uncommon. After 100 days, though still present, they are scarce. It is not 
certain how this removal takes place. In the intermediate stages (e.g., 34 days) 








Fig. 3b 
Fig. 3. a, longitudinal, and b, transverse sections of fibres in the peripheral stump 2 cm. 
distal to a suture made 25 days previously. Bodian’s method. Macrophages have invaded 
the Schwann tubes, and the ends of some of the Schwann nuclei are pressed against them. 
Many fine nerve fibres run along the inner wall of each tube. M, macrophage nucleus; .\, 
nerve fibre; S, Schwann nucleus; P, protoplasm of Schwann cell. 


smaller macrophages, not crammed with fatty remains, may be very numerous. 
Perhaps these later invasions serve to remove the foam cells, which are so heavily 
laden that it is hard to suppose that they can recover. 

Spielmeyer (1929) distinguishes by histological methods two stages in the 
break-up of the myelin, a Marchi stage from the 8th to about 21st day, and a 
Scharlach-red stage thereafter. During the first stage, which has its maximum 
about the 12th day after injury, the fats are imperfectly broken down and stain 
with osmium tetroxide or the Marchi stain, whereas in the 2nd stage they are 
simpler. All the times mentioned for the breaking up and removal of axons and 
myelin show considerable variation. Myelin is said to be removed more slowly 
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from large nerves than small and especially quickly in the neighbourhood of a 
large vessel (Spielmeyer). In cold blooded animals the break-up may be very 
much delayed, taking as much as 130 days in winter frogs (Ménckeberg and 
Bethe 1899). 

Proliferation of the Schwann cells. The nuclei of the cells of Schwann divide 
mitotically, mainly between the 4th and 9th days after section (Cajal, 1928). 
We have seen mitoses in the rabbit as late as the 15th day. No counts have 
been made of the increase in number, but it certainly results in a multiplication 
by several times. It is not known whether the stimulus for division is a sub- 
stance produced by the break-down of the axon or myelin. If such stimulating 
substances exist they cannot diffuse far, for when the tibial division of the sciatic 
of the rabbit is severed we have seen no multiplication of the cells of the peroneal, 
which lies close by. The fact that the multiplication occurs along the whole 
length of the peripheral stump is a remarkable instance of the stimulation of cell 
activity at a great distance from a lesion. However the effect does not extend 
across the neuromyal junction, since the nuclei of the end plate and of the muscle 
fibre multiply little if at all (see Tower, 1939). 

The changes in the protoplasm of Schwann’s cells have been described many 
times (v. Biingner, 1891; Howell and Huber, 1892; Ranson, 1912; Spielmeyer, 
1917, 1929; Boeke, 1916, 1935; Cajal, 1928; Nageotte, 1932) but there are many 
very important points about it which are still strangely doubtful. Most workers 
have supposed that no division of the cytoplasm follows mitosis, so that ‘‘a con- 
tinuous protoplasmic cordon is formed” (Cajal, 1928, p. 83). This cordon at 
first occupies the spaces between the “accumulations of fatty droplets” which 
we have seen to consist of macrophages, but as the latter disappear the cordon 
comes to form “‘almost the totality of the observable fibres” (ibid., p. 85). Cajal 
supposes that this cordon ‘‘although solid in appearance, is really a potential 
sheath whose central cavity has disappeared” (p. 86). In fact he believes that 
the protoplasm of the Schwann cells, which in the adult fibre exists as a sheet all 
over the myelin, becomes more voluminous when the fibre disappears from within 
it, and remains therefore as a thick-walled tube, with at least a virtual lumen. 
Further the cells of neighbouring segments become continuous, and thus make 
a strand, down the centre of which new fibres can grow. Other workers such 
as Boeke (1935) have agreed that the strand is continuous and syncytial, but 
have supposed it to be solid and to fill the entire tube. Boeke believes that the 
new fibres actually grow within its cytoplasm. 

Examination of these bands after various types of fixation and staining has 
convinced us that it is incorrect to interpret them either as thick-walled tubes 
or, in early stages, as solid continuous masses of protoplasm. All have agreed 
that within the bands some longitudinal striation is visible, but careful study 
shows that this striation is not merely a fibrosity within a continuous mass but 
that the original tube is filled with a number of more or less separate, elongated 
cells. Bodian’s (1936) stain can be made to colour these “Schwann fibres” 
almost specifically, especially in their later stages and after formol fixation 
(Holmes and Young, 1926). 
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The error of previous accounts lies in over emphasis of the syncytial nature 
of the bands. What really happens is that following the mitotic divisions each 
Schwann nucleus gathers a certain amount of protoplasm and becomes converted 
into a very elongated, fibrous cell. Each of these cells has a collection of proto- 
plasm around the nucleus, and long tapering processes. In some cases these 
cells are in syncytial continuity with each other at the ends, but often it can be 
seen most clearly that the end of one fibre overlaps that of its neighbour. Simi- 
larly they may sometimes be continuous laterally, but very clear cracks can 
often be seen between them. Sometimes a fibre of one cell can be seen running 
past the nucleus of another. The exact details of the interrelations of such 
delicate protoplasmic structures are not at all easy to make out, since they are 
very liable to distortion by fixation. The important point is that they are fi- 
brous entities, at least partly independent of each other, and not constituting a 
simple solid multinucleate cord of cytoplasm. Moreover they are able to move 
up and down within the tubes. This is shown by the fact that there are nearly 
always several Schwann nuclei collected at either end of one of the ‘‘accumula- 
tions of fatty droplets” (fig 3a). Cajal himself noticed that sometimes “these 
nuclei have level or slightly convex ends, which face the fatty droplets’ (1928, 
p. 86). Such flattened nuclei always face the macrophage; while others, at the 
sides, give the appearance of pushing their way round the obstruction. During 
the early stages the nuclei are therefore more numerous at either end of these 
masses of macrophages than they are in neighbouring stretches. After about 
40 days this irregular distribution becomes less marked, most of the nuclei having 
presumably moved to positions alongside the now somewhat shrunken masses. 
But some of the obstructions remain for 100 days or more as little clear spaces in 
the tubes, and these masses always have one nucleus pressed against each end. 

Since we know that Schwann cells migrate, both in development (Harrison) 
and during regeneration in the tadpole’s tail (Speidel) it is entirely reasonable to 
suppose that they also do so in the peripheral stumps during regeneration in 
Mammals. Recognition of this fact, however, implies some modification of 
current ideas of the “syncytium” of Schwann as a solid mass of protoplasm. 
Certainly there often are masses of Schwann protoplasm containing more than 
one nucleus, but the important point is to recognise that the cells are none the 
less fibrous entities, providing surfaces available for application to the new in- 
growing axons. In some cases indeed the ends of the Schwann fibres come to 
very definite terminations as clubs or balls, the result of frustrated migratory 
movements, causing the protoplasm to become piled up behind a mass of mac- 
rophages. The fact that these clubs persist until late stages perhaps implies 
that the protoplasm later becomes less fluid and its movements less active. 
Abercrombie and Johnson (1942) have recently found that the amount of migra- 
tion from an explanted piece of nerve rises to a maximum at about 20 days after 
transection of a nerve, and thereafter falls, so that very few cells wander out 
from stumps which have remained uninnervated for a year. 

Part of the confusion over the nature of the “degenerated’’ Schwann cells 
arises from failure to discriminate between the substance of the cell of Schwann, 
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the membrane of that name and the endoneurial sheath. The two last maintain 
approximately their original diameter during the early stages after interruption, 
being dilated with the products of axon and myelin degeneration. After fixation 
with Flemming’s fluid it can be seen that these remains, and the macrophages, 
completely fill the cross section of the tubes, though with poor fixation the centre 
of the tube often appears empty. The Schwann protoplasm only gradually 
comes to fill the tubes, doing so at first between the masses of macrophages, and 
then in their places, the outer sheaths shrinking meanwhile. Probably the 
Schwann membrane (neurilemma) remains as a separate entity during degenera- 


tion, but after the disappearance of the nodes it is difficult to distinguish it with 
certainty from the endoneurium. 








Fig. 4. Fibres from transverse section taken 2 cm. distal to a suture made 25 days before 
into a stump which had been left uninnervated for 514 days. Bodian’s method. The 
Schwann tubes are all much narrowed and filled with Schwann protoplasm (somewhat dis- 
torted by fixation). The nerve fibres are fewer and larger than those found after immediate 
suture (fig. 3b). Lettering as in figure 3. 


After about 50 days, when many of the macrophages have gone, an isolated 
peripheral trunk is therefore made up of a number of ‘Schwann tubes,” each of 
perhaps half the diameter of the original fibre, and filled with the elongated 
Schwann cells already described. In the smaller tubes there will usually be a 
single row of Schwann cells, so that a cross section after fixation with a good 
cytoplasmic fixative such as Flemming’s fluid shows the tube to be filled with 
cytoplasm (figs.4 and 5). In the larger tubes there may be several Schwann cells 
side by side, and divisions between them can be seen in cross-section. The 
naming of these structures is not difficult if we limit the term Schwann cell, 
Schwann band or band of Biingner to the actual protoplasm of the Schwann cell, 
and call the whole structure a Schwann tube. In the past the euphony of v. 
Biingner’s name has led to its use indiscriminately for the whole tube and for 


the protoplasmic portion, so that it was not clear what was meant by the phrase 
‘“‘within the bands of v. Biingner.”’ 
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The final state of a “sterile” or uninnervated peripheral stump is that of a 
thickened endoneurium, making tubes almost wholly filled by the protoplasm of 
the Schwann cells. These are so elongated that their nuclei often assume an 
S shape after fixation and when their fibrous protoplasm is stained they are ex- 
ceedingly difficult to distinguish from nerve fibres. Any histologist seeing them 
might well be forgiven for supposing that autogenous regeneration had occurred 
in the stump. It is not known for how long they remain in this state; we have 
seen them very well developed 18 months after division of a nerve in the rabbit. 
It seems likely that, by a strange paradox, Cajal himself was deceived into the 
belief that some of these Schwann cells were axons. In some of his experiments 
he took special precautions to keep new axons out of the peripheral stump, but 
none the less believed that all of the stumps which he saw had become re-in- 
nervated. But his figures show that some, at least, of the “intertubal nerve 
sprouts” which led him to suppose that there had been an invasion of new axons, 
were in fact Schwann cells (e.g. his fig. 26 A). In his anxiety to deny the 
metamorphosis of Schwann cells into axons he failed to understand that they ¢ 
change into fibres which very much resemble axons. But of course he was qu 
correct in supposing that the two are distinct. On the other hand he does sug- 
gest, very cursorily, the formation of separate Schwann cells, saying that ‘‘they 
break up their syncytial continuity, they narrow down and they flatten in order 
to apply themselves intimately to the connective membrane” (p.91). He recog- 
nised that when seeing a space in this way at the centre of the tubes he might 
be dealing with an artefact. In fact in fully degenerated nerves every tube is 
filled with protoplasm, and it is into such filled up tubes that new fibres must 
penetrate; in earlier stages much larger spaces are available for them, at least 
in the larger tubes. 

Re-innervation of the peripheral stump. We have seen that the outgrowing 
axons are led into the peripheral stump along the Schwann bands which have 
grown out across the scar. There is still no complete agreement as to how they 
grow down the peripherai stump itself. It is generally supposed that a fine 
bulb is present at the growing tip, but such bulbs are not often seen in prepara- 
tions of regions of the peripheral stump which are in process of re-innervation. 
When they do appear they often seem to be the result rather of obstruction than 
of forward growth. The terminal portion of the axon is very fine, and probably 
normally there is only a very slight dilatation at its tip. 

It is implied by some workers that the tips grow down within the protoplasm 
of the Schwann cells (Bielschowsky, 1935; Boeke, 1935, etc.; Nageotte, 1932, and 
perhaps Ranson, 1912). Others, such as Williams (1930), believe that the new 
axons grow at the edge of the sheaths (Schwann tubes) ‘“‘rather than occupying 
the middle of the path.” The confusion over this issue has arisen partly through 
failure to analyse properly the prior question as to the nature of the tubes, or to 
recognise that they are not in the same state throughout the whole process of 
degeneration of a peripheral stump. 

Transverse sections of nerves sutured immediately after severance, and then 
fixed 15 or 25 days later show that while the tubes are still patent new axons 
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certainly grow along their inner walls and not down the centre of the tube (fig. 
3b). During the re-innervation of the upper part of a peripheral stump after 
such a primary suture the Schwann bands are not yet fully formed, and the in- 
growing fibres do not necessarily follow the Schwann protoplasm. Often 25 or 
more fine fibres can be seen running along the inner wall of a single large tube. 
On the other hand when new fibres grow into a stump which has been degen- 
erated for a longer time, or into a smaller tube in a younger stump, they must 
come at once into more intimate contact with the Schwann protoplasm (fig. 4). 
Boeke and Nageotte give figures showing axons actually within the cytoplasm, 
but this does not of course pre*e that the tips actually bored their way down the 
tube in this way. Indeed it is difficult to imagine that growth could take place 








Fig. 5. T.S., peripheral stump of rabbit’s nerve severed 150 days previously. The 
stumps were left unsutured but a union was made by outgrowth; medullation has therefore 
proceeded rather less far than if the nerve had been sutured. Most of the Schwann tubes 
contain one or more fibres which are surrounded by Schwann protoplasm, P, and have 
myelin, MY. One tube, ET, remains uninnervated. Fibers are medullating even in the 


tube which still contains a macrophage, VM. S., Schwann nucleus; /, fibroblast. Zenker, 
Mallory. 


within the protoplasm, which must be rather viscous. Possibly the axon secretes 
an enzyme which dissolves the Schwann protoplasm. But it is not difficult to 
find evidence that the newest part of the axon lies on, rather than within, the 
Schwann cell and that the protoplasm of the latter only later wraps around the 
fibre. For in many cases it can be seen that, as when axons are crossing the 
sear, the nerve fibre runs alongside the Schwann protoplasm, and, since this 
condition can be seen in many cases, there seems no reason to suppose that it is 
not the original condition of all the fibres. It must also be remembered that in 
some tubes there are several Schwann cells lying side by side, with interstices 
between them. The growing tip may creep down in such spaces and it may be 
that some of the appearances seen by Boeke and Nageotte were in fact not axons 
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within the protoplasm of a single Schwann cell but between that of closely 
apposed cells. 

This Schwann protoplasm, which stains quite well when the cells are in the 
form of concentrated fibrous strands, ceases to stain soon after the tube in which 
it lies has been re-innervated, presumably because it spreads out as a thin sheet 
over the new fibre; for in later stages the nerve fibres are certainly surrounded by 
protoplasm (fig. 5). 

After severance and immediate suture, then, many new sprouts invade each 
of the larger tubes. At later stages, however, thicker and much less numerous 
fibres are seen, only one or few of these occupying each tube (fig. 6). There can 
be no doubt that many of the fine fibres which are formed at first, later degen- 
erate, and it would*be of great interest to know what factors determine which 
axons remain and medullate. Possibly it is the activity of the Schwann cells, 
selecting one, or few, of the many fibres for re-medullation. Davenport, Chor 
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Fig. 6. Diagrams to show the progress of regeneration within a Schwann tube, with ap- 
proximate dates of the various stages, as they would occur just distal to a good suture in 
the rabbit. At 25 days there are many new fibres at the edge of the tube. At 50 days one 
or two of these have enlarged, and are surrounded by Schwann protoplasm. At 100 days 
one fibre occupies the centre of the tube, others still remaining at the periphery. The times 
of final disappearance of excess fibres and attainment of normal diameter are uncertain. 
The Schwann protoplasm seldom appears as clearly as shown at 100 and 150 days since the 
axon and myelin, as they expand, soon almost fill the tube. 


and Dolkart (1937) have shown that 6 months after suture of the sciatic nerve 
of the dog there are fewer fibres in the peripheral stump than in a normal nerve. 
But Dogliotti (1933) and others have found that when a small nerve is sutured 
into a large one, there is an excess of fibres in the peripheral stump. 

In cross sections of the peripheral stump of rabbits’ nerves sutured 100 days 
previously we have seen one or few large fibres in each tube, these being already 
quite heavily medullated. Around them, however, there still remain several 
small fibres, at the edge of the tube. Though the total number of fibres seems 
somewhat less than at say 25 days it is clear that the reduction of the excess is 
not a rapid process. However these peripheral fibres had disappeared from 
stumps examined one year after suture. It is possible that the fibres which ob- 
tain preference are those which increase in diameter more rapidly. This in turn 
may depend on the number of successful branches put out from the central 
stump. If many branches from any one central fibre gain entrance to the peri- 
pheral stump it is unlikely that they could all rapidly increase in diameter. 




















FUNCTIONAL REPAIR OF NERVOUS TISSUE 345 


Therefore they do not medullate, and the functional result is not impaired by 
tie connection of one fibre with various end organs. It is, of course, well known 
that more than one fibre may persist in the peripheral stump connected with a 
single central fibre (see Howe, Tower and Duel, 1937), but the mechanism sug- 
gested above may minimise the number of such connections. 

When a secondary suture is made, the peripheral stump having been allowed 
to degenerate until the tubes are filled with Schwann protoplasm, there seems 
then to be less opportunity for new fibres to penetrate into the peripheral stump 
than when open tubes are present (fig. 4). Therefore there are fewer fibres in 
stumps after secondary than after primary suture at least during the early 
stages of re-innervation. (See p. 364.) 

Rate of regeneration of nerve. On account of the emphasis which has been 
given to the process of penetration of new axons into a denervated stump it has 
been usual to consider that the ‘‘rate of nervous regeneration” is synonymous 
with the rate of advance of the tip of the axon. It is important, however, to 
remember the postulate laid down in the first sentence of this review, namely, 
that “regeneration” of a nerve implies its recovery to a state in which it is able 
to conduct impulses which shall be effective for function. The state whose rate 
of advance down the nerve is of the most interest is therefore not that of the 
presence of the axon tips, but of a sufficient number of fibres in a condition which 
we may call that of functional completion. Functionally completed fibres are 
those that have undergone a process of maturation, including increase of diameter 
and medullation, so that they are able to carry effective impulses. There is no 
presumption a priori that this state of functional completion advances at the 
same rate as the axon tip, it might advance slower or, after starting later, faster. 
Evidently it is necessary to investigate separately first the rate of progress of 
the tips and then of the advance of functional completion. Some methods of 
measuring ‘‘the rate of regeneration”’ will measure the rate of the tips alone; for 
instance, histological examination of the point reached by the foremost fibres. 
Other methods, which depend on recording the return of function after lesions 
at various levels give an estimate of the advance of functional completion. It 
was indeed comparison of estimates of the rate of regeneration made by various 
methods which led to a realisation that different methods do not all measure the 
rate of advance of the same entity (Gutmann, Guttmann, Medawar and Young, 
1942). 

Rate of advance of the axon tips. The rate of growth of the tip of the axon 
varies very much with the conditions (see Williams, 1930). In the scar between 
stumps Cajal estimated the rate as 0.25 mm/day. But the fibres spin down the 
peripheral stumps very much faster than this. By direct histological observation 
Cajal estimated their rate in cats, dogs and rabbits to be 3-4 mm/day, and we 
have confirmed this in rabbits by a combination of histological and experimental 
methods. In our experiments the nerve was tested by pinching under light anesthe- 
sia. Ifthe pinches are made first distally and then progressively up the nerve, 
the animal gives reflex responses when the innervated region is reached. This is 
found to givea sensitive test of the point reached by the tips of the fastest-growing 
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fibres, and subsequent examination with Bodian’s stain shows that only very few, 
and very fine, fibres need be present to give the reflex. 

By making such examinations on different rabbits at various times after suture 
it is possible to plot the advance of excitability down the nerve; and the regres- 
sion coefficient of distance reached on number of days gives an estimate of the 
rate of growth. We found that after severance and primary suture, whether by 
stitches or by the plasma method, fibres grow at 3.45 + 0.16 mm/day in the 
rabbit. There is a latent period of 7.3 days before any fibres appear in the peri- 
pheral stump, and this figure also lies within the limits estimated by Cajal and 
others using histological methods. 

In cases in which the nerve was not divided but the axons were interrupted 
by thorough crushing with fine forceps, the rate of growth was found to be higher, 
namely, 4.36 + 0.24 mm/day. This type of injury interrupts all the axons, 
which undergo Wallerian degeneration, but the connective tissues maintain con- 
tinuity, and provide optimal conditions for outgrowth. The latent period is 
shorter, 5.2 days, than after suture, which is not surprising, but it is interesting 
to find that the axons actually advance faster along the peripheral stump than 
they do after suture. 

Further experiments have established that in the rabbit there is no great dif- 
ference between the rate of advance of the axon tips in the different divisions of 
the sciatic nerve. Nor is there any difference in the rate after lesions made high 
up in the thigh or below the knee. However in the rabbit the differences in dis- 
tance from the cord involved in such experiments cannot be made great, and it 
is possible that in man this problem of the rate of outgrowth at different levels is 
more complex. Several reasons might produce an apparently slower growth at 
the periphery. 1, the greater distance from the cell body; 2, the growth rate 
may decline as the length of regenerated nerve becomes greater, this decline 
being due either a, to a falling off with time of the power of outgrowth from the 
cell (the vis a tergo of Held), or b, to an increasing resistance of the tissues of the 
peripheral stump, since in the more distal parts of the nerve the Schwann proto- 
plasm will have more completely filled the tubes (p. 345). 

In our experiments we have not seen any evidence that the rate of outgrowth 
of the axon tips declines with the distance from the lesion, but we have followed 
them only for about 10em. There is no reliable evidence that the rate of growth 
of fibres, or indeed their medullation, can be influenced by external treatments, 
though various claims have been made. Deineka (1909) claimed that the early 
stages of regeneration were much more rapid when the external temperature was 
raised. 

On account of the complications introduced by the use of functional recovery 
as a criterion of regeneration (see below) it is not possible to say whether there 
are differences in the rate of growth of different types of fibre. Evidence from 
studies of regeneration in the sympathetic system indicates that outgrowth of 
pre- and post-ganglionic fibres takes place at rates not greatly different from 
those of spinal nerve fibres (Lawrentjew, 1925; Machida, 1929; De Castro, 1930; 
Tower and Richter, 1931). De Castro believes that the postganglionics grow 
more slowly than the pregangiionics, but none of the evidence is decisive. 
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Maturation of the new nerve trunks. The very thin nerve fibres which are first 
laid down are certainly able to carry impulses, but the conduction rate is very 
low. Before a nerve can carry volleys at sufficient speed and synchronous 
enough to produce, for instance, motor function, the new fibres must thicken and 
become medullated. Very little is known of the process of thickening, whether it 
is dependent on the Schwann cells in the peripheral stump, or what determines 
the final diameter reached. Presumably there is some correlation with the 
nature of the nerve cell body, and especially its size. The simplest hypothesis is 
that the process of growth of the axon is essentially a flowing out from the intact 
stump and that the larger the parent axon the greater the flow, so that new fibres 
come to have sizes similar to the old. But during regeneration the parent axon 
has divided into very many fine branches, and it has long been known that at 
least two new axons attached to a single fibre may persist for long periods after 
suture (Osborne and Kilvington, 1909; Howe, Tower and Duel, 1937) see how- 
ever p. 345. 

The increase in diameter of the fibres certainly advances progressively down 
the nerve. Within the first 10 mm. dista! to a good suture point the largest 
fibres reach a diameter of half that of the largest fibres in the central stump by the 
25th day. Ina rabbit examined on the 82nd day after suture the axons in this 
upper region reached a diameter equal to that of the central fibres, 6u in these 
preparations. At a point 140 mm. distant from the suture however the largest 
fibre seen was only 1.54. Yet the fibres must have reached this more peripheral 
point on the 48th day (see p. 345). That is to say, they are much smaller than the 
fibres in the first 10 mm. were on the 25th day, although they have been laid 
down for 10 days longer than the latter. 

The rate of increase of diameter may not therefore be the same at all points 
along a peripheral stump. This would perhaps be expected if it depends on a 
flowing out from the central stump. 

The process of medullation is also progressive along the nerve. Speidel (1932) 
has shown that during regeneration in the tail of the tadpole medullation ad- 
vances distally by the migration of Schwann cells from unmyelinated to myelin- 
emergent fibres. It is not certain however that the process in the main nerve 
trunks of mammals is similar to that which he observed in the newly formed 
nervules which develop in the tadpoles. In particular it seems likely that in 
mammals the new fibres are in contact with Schwann cells from their earliest 
stages, though as we have seen the cells may also migrate along the fibres. 

Clark and Clark (1938) observed the process of medullation of fibres growing in 
chambers in the ear of the rabbit, and saw several segments medullating at once. 
The general downward advance of medullation has been noticed by several 
workers (e.g., Howell and Huber, 1892; Lewis and Kirk, 1916). Sanders and 
Young (1942) have found clear evidence of a well defined front of medullation. 

There is scattered evidence about the time at which medullation begins. 
Speidel (1932, p. 311) reports that in some cases “‘axon extension and myelin unit 
addition often proceed together, pari passu’’, but on other fibres medullation ap- 
peared only later and advanced with a rush. Lewis and Kirk (1916) found that 
medullation only begins when “the regenerated axis cylinder has reached the age 
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of about 5 or 6 weeks”. This is certainly an overestimate. In the rabbit 15 
days after a suture we have observed that there are a very few finely medullated 
fibres in the sear region. Fifteen days after a nerve had been crushed medulla- 
tion was found in the first 10 mm. below the point of injury, but not at more pe- 
ripheral levels, although by this time the axon tips had reached to a distance of 
42mm, having presumably first entered the distal stump on the 5th day (see p. 
345). At this level, therefore, the very beginnings of medullation appear about 
8 days after the fibres have been laid down (see Sasybin, 1930; Hentowa, 1933); 
there is no certainty that this interval will be the same in more peripheral re- 
gions, especially since we have seen reason to suspect that the increase in axon 
diameter becomes slower towards the periphery. Davenport et al. (1939) pro- 
duce some evidence that there is no long delay in medullation of fibres towards 
the periphery. We have found that 100 days after suture in the thigh of the 
rabbit medullation is much less complete in the posterior tibial nerve than close to 
the lesion. It seems possible therefore that there is progressively slower medulla- 
tion in the more distal regions. 

The first sheaths to be laid down are very thin. Hentowa (1933) has described 
the way in which they thicken and become provided with nodes and incisures. 
It is not known whether node lengths similar to those of the original fibre are re- 
constituted, nor whether the great number of Schwann nuclei formed early in re- 
generation later becomes reduced until there is only one nucleus in each inter- 
node. We do not know what controls the final thickness reached by the myelin, 
presumably it depends on the axon diameter (see Duncan, 1934; Schmitt and 
Bear, 1939). The whole process of maturation is not completed for a consider- 
able time, and the later stages have never been studied in detail. It can be 
shown that the power to produce medullated fibres is dependent on some property 
of the central rather than the peripheral stump. We (Simpson and Young, un- 
published) have removed the splanchnic ganglion and sutured the central end of 
one of the spinal nerves (D 13) into the postganglionic trunk of the anterior 
mesenteric nerves. Normally these contain only very few medullated fibres, 
but 100 days after the operation numerous medullated fibres were present. 
However, they were much smaller than they would be after a corresponding suture 
in a spinal nerve. The nature of the peripheral stump therefore has some in- 
fluence on the final diameter which is reached. 

The converse experiment shows that this influence is not decisive. The cen- 
tral ends of anterior mesenteric nerves, still attached to the ganglion, were 
sutured into the peripheral stump of D 13; 100 days later stimulation of the 
nerve produced contraction of its muscles, but sections showed that the fibres 
were all very fine and unmedullated. Clearly therefore there is some property 
of sympathetic neurons which makes them unable to produce large fibres such as 
form on the cut end of some somatic fibres. The difference cannot be simply a 
matter of size, perhaps it is related to the number and length of dendrites (which 
are large in sympathetic cells) or to some other factor. 

Very little is known about the time at which nerve fibres recover their original 
diameter, or the extent to which the original pattern of fibre sizes is reproduced. 
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Greenman (1913) found that 100 days after crushing the peroneal nerve of the 
rat the largest fibres in the distal stump were smaller than those of the control 
side. Weiss (1937) has shown that in Amphibia the new fibres assume a variety 
of diameters, but not whether these are distributed as in a normal nerve. 

Gutmann and Sanders (unpublished) have measured the diameters of medullated 
fibres found in the peripheral stump at times up to one year after simple suture of 
the peroneal nerve of the rabbit. In a normal peroneal, at the level considered, 
the diameter of the largest fibre is 19.9 u and in the regenerating nerves a very 
few fibres of this size were found at 200 days, rather more at one year. But the 
histogram of figure 7 shows that the majority of the fibres had not yet recovered 
to the normal size. Still more important is the fact that there is no trace of the 
separate group of large sized fibres, presumably the a@ fibres, which can always be 
detected in counts made on normal nerves. At 200 days the muscles innervated 
by the nerve had been active to some extent for about 140 days, though, as ex- 
plained on p. 367 the functions were still very far from perfect. The sensory re- 
covery, starting much later, was even less complete (p. 368). It cannot yet be 
decided whether these imperfections of function are a result of the incompleteness 
of the restitution of the fibre-size pattern of the nerve, or whether other features, 
such as inadequacy of number of fibres, are concerned. Study of even longer 
periods of recovery is now necessary. It is clear that the early period of re- 
generation, which has been so much studied, includes only a part of the process, 
and that we do not even know whether it is ever completed. There is, however 
now some evidence on the problem if we may conclude that the increase of 
diameter of the regenerating fibre depends on outflow from the central stump, but 
that the flow is impeded when outgrowths from large fibres enter small periph- 
eral tubes. After suture of a mixed nerve, therefore, many of the outgrowing 
fibres will be in the same position as those of the spinal nerve entering the tiny 
tubes of a postganglionic trunk in the above experiment, and they will be able to 
increase in diameter at best only very slowly. Correspondingly functional re- 
covery is seldom (? never) perfect after suture, though it may be nearly so after a 
nerve has been simply crushed, so that each fibre can return into its original tube. 

In fact each Schwann tube retains after degeneration the character of the 
original fibre which is perhaps most important for functioning, namely, its 
diameter, relative to other tubes. Each tube can therefore only regenerate fully 
if it is innervated by a fibre like the original one. We may suspect that ex- 
tension of the observations of Gutmann and Sanders will show that the fibre size 
distribution of a nerve is never recovered after suture, and the more delicate func- 
tions must remain correspondingly imperfect. 

Rate of advance of functional completion. If a certain degree of maturation of 
the new nerve fibres is necessary before functioning can take place interesting 
factors are introduced to the problem of the rate of advance of regeneration down 
the peripheral stump. Recovery of, say, the sensation of touch, or the reflex 
movement of a muscle, will then depend not on the presence of unmedullated 
axon tips but of fibres matured to whatever level may be necessary. It therefore. 
follows that the ‘rate of regeneration’ which is significant for studies of recovery 
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Fig. 7. Histograms showing the numbers of medullated fibres of various sizes in the 
peroneal nerve of the rabbit expressed as per thousand of those counted. A and B, normal 
nerve at levels corresponding to C, 2 cm. above and D, 2 cm. below a suture made 200 days 
previously. (Figure kindly supplied by Mr. F. K. Sanders.) 


will not be that of the tips, but of the functionally completed fibres. We have 
seen that the tips advance at 3.5 mm/day after suture, 4.4mm //day after crushing, 
and that medullation only begins some time after the tips of the fibres have been 
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laid down. Presumably there is a still further interval until the fibres have 
thickened to that degree which is necessary for functioning, that is to say, to a 
state of functional completion. Once this state has been reached function will 
become possible in the region immediately adjacent to the suture. But what will 
be the subsequent rate of advance of this state or level of maturation? Will it be 
the same as that of the axon tips, or faster, or slower? 

Measurement of the rate of advance of the region of the nerve which has re- 
generated to this level of functional completion can be made by comparing the 
times necessary for recovery after lesions at various levels. We have made this 
estimation in the rabbit both for sensory and motor recovery (Gutmann et al., 
1942). The motor function studied was the spreading of the toes of the rabbit, 
produced by the small peroneal muscles, innervated by the peroneal nerve. This 
nerve was therefore interrupted at various levels, and the times of recovery noted. 
Assuming that functional completion advances down the nerve at a constant rate 
the regression coefficient of distance from lesion to muscle on time taken for re- 
covery then gives the rate of advance of the regenerated region. The results ob- 
tained were 3.1 mm/day after crushing the nerve, and 2.6 mm/day after severance 
and suture, with latent periods before the advance begins of 21 and 37 days. 
This means that after suture the nerve in the uppermost portion of the 
distal stump reaches a state in which it can function after 37 days, and this con- 
dition then advances down the nerve at 2.6 mm/day. 

Similar figures were obtained by observing the time necessary for sensory re- 
covery to reach a given degree at a determined point after lesions at various dis- 
tances. The criterion used was the complete return of sensitivity to pin prick 
over the whole surface of the part of the foot rendered insensitive by interruption 
of the peroneal nerve. The rate of advance of functional completion given by 
this method was 2.5 mm/day after crushing, with a latent period of 19 days. 
After suture this method gave a rate of 2.4mm/day. However the variability 
between the cases was very large. 

In spite of considerable individual variations, these quite independent es- 
timates agree well, and seem to show that the processes of increase in diameter 
and medullation, which complete the regeneration of the nerve, advance down it. 
more slowly than do the axon tips. Before accepting this conclusion we must 
consider some possible complications. First, the experiments in which the 
nerve was pinched were shown by histological examination to give an estimate of 
the distance to which a few of the fastest-growing fibres had reached. But 
sensory and motor function will only appear when numerous fibres have re- 
covered, so that the above estimates are of the rate of advance of the functional 
completion, not in the fibres which recover fastest but in those of, perhaps, 
average velocity. 

Secondly, the apparently slower rate of advance of functional completion might 
be due to the fact that there is a delay in the end-organ before function returns, 
and that this delay is greater after more distant lesions, since they impose longer 
periods of atrophy. To control this possibility the injury close to the muscle 
was made twice, in such a way as to ensure that the total period of denervation 
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was the same after the high and low lesions. The rate of advance of functional 
completion calculated from these experiments was 3.5 mm/day, hardly higher 
than that given above for crushed nerves. 

We may conclude that this factor is not important, but there is a third possi- 
bility, namely, that the degree of functional completion necessary may be greater 
the further the lesion is from the end-organ. Over a short stretch of nerve rela- 
tively incomplete fibres may conduct impulses sufficiently synchronous to pro- 
duce, say, visible contractions, but longer stretches may require larger fibres and 
more myelin. If this factor is important not only are the above estimates of the 
rates vitiated, but also we have the awkward situation that there is no definite 
“rate of advance of regeneration,”’ since the degree of recovery of the nerve which 
consitutes regeneration will vary with the distance from the lesion to the end- 
organ. 

It seems probable that none of these three factors is very important in the 
experiments in the rabbit, where the distance from lesion to end-organ is not 
great, and our conclusion that functional completion advances more slowly than 
the axon tips is probably sound. In Man, where distances are greater, such 
factors may be very important. Further, the degree of maturation which is 
necessary for functioning may differ with the complexity of the function con- 
cerned. Facilitation, whether central or neuromuscular, requires that impulses 
arrive at a certain frequency in each fibre. Delicate movements or discrimina- 
tion depend on appropriately timed volleys. This may be part of the reason for 
the order in which functions return in the skin of Man, namely, approximately, 
pain, touch, cold, warmth. Fine touch recovers very late and often imperfectly. 
It is even possible that the unpleasant quality of the pain felt during recovery is 
due to the slow conduction of the impulses and their scattered arrival in the 
centres. 

Finally it must be remembered that we have assumed throughout these calceu- 
lations that the rate of advance of functional completion is constant along the 
whole peripheral stump. This may be so for the short distances used in the 
above experiments, but for reasons explained on pp. 347 it may be that the in- 
crease in diameter, and hence of medullation, occurs more slowly at great dis- 
tances from the lesions. This factor would tend to make the rate of regeneration 
in large animals such as man appear to be slower than in the rabbit. 

All of these considerations show that the concept of rate of regeneration is very 
far from being as simple as it may at first sight appear. We must beware above 
all of assuming that there is any single “rate of regeneration.’”’ It is certainly not 
possible to calculate this rate in man simply by dividing the distance from the 
lesion by the time taken for recovery. It is this crude method which has pro- 
duced the very low estimate (1 mm/day) which circulates so widely. But from 
careful observations, such as those of Trotter and Davies (1909) it is clear that in 
man the advance of functional regeneration may occur at rates as high as 2.4 
mm/day. By careful selection of suitable cases, and by study of the exact times 
at which the functions of muscles return, it should be possible to obtain accurate 
estimates of the rate of advance of recovery of the nerves of Man to levels at 
which they can mediate the various functions. In some cases this rate may 
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prove to be as high as 2-3 mm/day, though it may be much lower when the 
criterion used is full recovery of a delicate function. 

Regeneration of the dorsal roots and spinal cord. Although functional restora- 
tion is rare after lesions of the dorsal roots or within the C.N.S. there is evidence 
to show that outgrowth of new fibres can take place in these situations. The 
later failure of these sprouts is presumably the result of the difficulty of finding 
suitable pathways, which results from the complexity and special histological com- 
position of the centres. Paskind (1936) has confirmed the finding of early 
workers that fibres can grow out from the cut central end of a dorsal root. He 
cut the cervical and thoracic roots in the cat, apparently leaving the stumps un- 
sutured. There was typical degeneration and cell proliferation within the stump 
remaining attached to the cord, but only as far as the pia glial membrane. The 
regenerating fibres, emerging from the stump attached to the ganglion, also reached 
only to this level and entered the cord only very rarely, usually alongside blood 
vessels. On the other hand other workers have found that at least some re 
generating fibres can enter the cord, and the exact conditions under which they 
can do so still require to be investigated. Further work in which the severed 
ends of the roots were held as close together as possible, perhaps with the aid of 
plasma, should throw further light on the problem. 

Within the central nervous system itself four possible types of regeneration 
may be considered. 

a. Replacement of destroyed nerve cells. 

». Establishment by damaged neurons of substitute connections. 
c. Re-medullation of tracts temporarily damaged. 
1. Re-establishment of connections by regenerative outgrowth of axons. 

a. It is almost certain that regeneration of this type cannot take place in 
vertebrates. There is a considerable literature on the problem of whether mi- 
totic figures appear in the nuclei of neurons after punctures, resections or infec- 
tions (see Rossi and Gastaldi, 1935, for summary). The general opinion is that 
although the nucleus of a neuron may attempt and occasionally even complete a 
division, yet no satisfactory cleavage of the whole cell ever takes place. On gen- 
eral biological grounds it is perhaps hardly to be expected that the intricate mor- 
phogenetic processes necessary to produce the finer details of the higher nervous 
centres could be reproduced in the adult. 

b. This is a very doubtful sort of functional regeneration, typified by the reac- 
tion of cells in the cerebral or cerebellar cortex which, when their axon is cut off, 
enlarge one of their dendrites into a recurrent fibre leading to the more super- 
ficial cortical layers (see Bielschowsky, 1935). Cajal (1929) suggests that by this. 
means it is ensured that the impulses of the cell are not wholly ‘wasted’, and it 
cannot be excluded that such new connections might have some importance in 
re-education. But it is impossible to say more until we have further informa- 
tion about the modes of action of the cells in the cortex under normal and ab- 
normal conditions. 

c. Re-medullation, though interesting and important for recovery from patho- 
logical conditions, falls outside our present scope. 

d. The possibility of functional regeneration within the central nervous system 
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. 
of mammals has now been definitely shown by the work of Sugar and Gerard 
(1940). It has long been known that in Teleostean fishes and Amphibia full 
functional regeneration can take place even after section of the adult spinal cord 
(see e.g. Lorente de N6, 1921; Tuge and Hanzawa, 1937), and that in Mammals it 
can occur if the cord is cut during intrauterine life (Gerard and Grinker, 1931). 

Indeed there is much evidence that the cut central axons are capable of putting 
out regenerative processes such as those formed in peripheral nerves. Sugar and 
Gerard have now found 13 cases in which this power has produced functional re- 
generation in adult rats. They severed the thoracic cord, taking precautions to 
avoid damage to the blood supply of the isolated section. With careful bladder 
treatment they obtained good survival, and functional regeneration was shown, 
during the second month, by voluntary climbing, placing and seeking movements 
of the hind limbs. ‘‘At sacrifice, stimulation of the brain stem produced hind 
leg movemenis”. Fibres were shown histologically to have grown across the 
scar, helped in some cases by pieces of nerve and muscle which had been planted 
there. 

Therefore the rarity of re-establishment of function in the C.N.S. must be due 
to special factors. Either 1, to the scar tissue not providing asuitable medium for 
growth, or 2, to the degenerating fibres not offering suitable pathways, perhaps 
because of the absence of Schwann cells’ or 3, to the great difficulty of establish- 
ing, in so complex a system, any appropriate connections by random regenerative 
outgrowth. 

The alleged unsuitability of the scar tissue can hardly be a complete barrier to 
regeneration. Fibres, apparently freshly growing, were seen by Rossi in the 
scar 250 days after cord section in the cat. Spatz (1930) and others have given 
careful consideration to the peculiarities of the glial degeneration, as a possible 
factor preventing satisfactory regeneration. This whole aspect of the problem is 
a very promising one and would be worth further investigation. It is not clear 
whether the main difficulty experienced by the fibres is in penetrating from the 
scar to the distal stump or in traversing the latter. This is a point which it 
would be worth while trying to clear up. It is possible that part of the difficulty 
is mechanical and that better results could be obtained by careful approximation 
of the stumps, or perhaps by further development of artificial bridges of muscle 
or nerve such as were used by Sugar and Gerard. 

Re-innervation of end organs. After denervation the sensory and motor endings 
do not in general disappear, at least for the first few months. They may un- 
dergo various changes, but if re-innervation is moderately rapid the new fibres 
will find at least an outline of the old organs when they reach the periphery. It is 
probable that this maintenance of the specific end organs determines the course 
of recovery to a large extent. We have seen that there is no reason to suppose 
that the outgrowing nerve fibres are in any way sorted or shunted into ap- 
propriate paths; similarly there is no evidence of the attraction of any fibre back 
toitsend-organ. Asaresult many of the connections formed must be unsuitable 
ones, and it is to compensate for this that excessive innervation occurs at all 


’Sugar and Gerard found Schwann-like cells along some of the fibres in their scars. 
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stages of regeneration. Presumably many of the connections made at first are 
aberrant, such as sensory fibres in motor end-plates; for it has been shown by 
several workers, and recently most clearly by Weiss (1935), that sensory fibres 
can make connection with motor end-plates. Similarly from experiments such as 
that described on p. 348 it is known that postganglionic sympathetic nerve fibres 
can make connection with striped muscles. Weiss joined the central end of the 
9th dorsal root of toads into muscles transplanted into the back, and hence fully 
denervated. After a while these muscles contracted when the nerve of this 
mononeuronal are was stimulated electrically, but never on stimulation of the 
sense organs at its other end. Weiss interprets this failure in terms of his theory 
of resonance, though it cannot be excluded that his success with electrical and 
failure with sensory stimulation was connected with the number of fibres stimu- 
lated and the synchrony or frequency of their impulses. For our present purpose 
the significant point is that sensory fibres are able to form functional connections 
with end-plates. But it should be noted that the endings which Weiss found 
were “‘largely atypical.’’ After introduction of a motor root into a muscle more 
effective functional connections were made. : 

It is not known what is the proportion of such atypical connections which are 
normally formed during regeneration. During the re-innervation of muscle we 
have observed that usually only one nerve fibre runs to each end-plate; occasion- 
ally two may do so. When a suture is made with a mixed nerve it would seem 
that a very considerable number of connections must be irregular and that these 
would monopolise many of the end-plates, unless they afterwards degenerate and 
are replaced by others. It may be that grossly atypical connections, as of sensory 
fibres with motor end-plates, are absorbed in this way, but there is certainly 
no efficient mechanism which ensures that lesser irregularities are corrected. 
Many cases are known in which motor nerve fibres come to make atypical con- 
nections, and continue to produce action of the muscles under absurd conditions 
(see Ford and Woodhall, 1938). 

If there is a process of absorption of some of the fibres which make unsuitable 
endings it must be another instance of that strange “trophic” influence by which 
functioning fibres are maintained while non-functional ones are destroyed. This 
seems to our practical sense to be obvious and fit, but we must realise our ig- 
norance of the machinery which produces this business efficiency of the body. It 
is not enough to say simply that the redundant nerve fibres suffer an atrophy 
‘from disuse’. The extent of the re-adjustments which may take place after 
disturbance of the peripheral nerves is greater than is often supposed. Green- 
man (1913) cut the peroneal nerve of rats and found a reduction of 16 per cent in 
the number of fibres in the peroneal nerve of the opposite side of the animal. 

Though there is, therefore, no evidence of attraction of fibres back to ap- 
propriate endings there is, nonetheless, a definite influence of the end-organs on 
the ingrowing fibres, leading them to branch in ways which are appropriate to the 
formation of sensory and motor connections. Fibres which have grown without 
branching down the nerve trunks begin to divide when they reach the final plex- 
uses and end-organs. Although we have very little information as to the cause 
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of this branching there is no evidence to indicate that it is due to any influence 
other than the obstruction of forward growth, which produces branching at the 
point of entry to the peripheral stump (Cajal) or anywhere else that it occurs. 

There is evidence, however, that new fibres entering muscle can act recipro- 
cally with the latter to produce new motor end-plates, and similar phenomena 
are seen in the skin. Grigorieff and Lawrentjew (1930) have described the 
formation of structures like end-plates where nerve fibres meet myoblasts in 
cultures in vitro. Similarly new end organs may be produced where nerve fibres 
enter the skin. It would be impossible therefore, with our present information, 
to deny that there may be some special influences of the terminal regions on the 
outgrowing nerve fibres and vice versa. There are facts which seem to show that 
re-connection is not simply the outgrowth of new tips down the old pathways 
until they arrive at the existing end-organs. And yet a considerable part of the 
process consists of little more than this, at least for the period during which the 
old organs remain to a large extent intact after degeneration of their nerves. 

Re-innervation of motor end-plates. ello (1907) and Boeke (1916, 1917, sum- 
marised 1921 and 1935) have given beautiful accounts of the behaviour of end- 
plates after denervation, but there are still some points of great interest which 
are in doubt, largely for lack of proper quantitative treatment. After severance 
of the nerve to a muscle there are changes in the protoplasm of the end-plate, and 
after about six months it may completely disappear (Tower, 1939). There is still 
some uncertainty as to whether there is any multiplication of the end-plate nuclei. 
Apparently the central nuclei of the plate atrophy, whereas the peripheral ones 
may multiply. There are some reports of mitosis, but many reliable workers 
have failed to see it (see Boeke, 1935). Boeke believes that some nuclei may 
divide amitotically, and he says categorically that ‘‘man findet bei fortgeschrit- 
tener Degeneration immer mehr Kerne innerhalb der Sohlenplatte als im Anfang 
der Degeneration” (1935, p. 1013). However after long periods of denervation 
the nuclei of the end-plates can no longer be distinguished from the subsarcolem- 
mal nuclei of the muscle fibres; in fact, the end-plate has completely disappeared 
(Tower, 1939). 

When new fibres return to the muscle they branch out, both within the old 
end-plates, and also at other points among the muscle fibres. Boeke (1916, 
p. 67) is especially convinced of the formation of new end-plates in this way 
as collaterals. At first the new innervation is abnormal, and in particular it is ex- 
cessive, and Boeke gives a long series of figures illustrating this abnormality and 
its gradual reduction. Already during the first 13-3 months after operation there 
were found to be some apparently normal end-plates, but it was not until more 
than five months after suture that the majority approached the normal state. 

It would be interesting to analyse this abnormality to discover to what extent 
it is correlated with the irregularities of function found during the early part of 
recovery. It is difficult, however, to assess the significance of the aberrations in 
shape of the fibres in the endings, since we understand so little about the meaning 
of the forms normally observed. Moreover at the time Boeke’s study was made 
too little was known about the rate of regeneration of the nerve fibres, or of the 
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significant variables of muscle functioning, for detailed correlations to be made. 
There is still much to be done in this respect, but since the rates of regeneration 
are now known accurately in the rabbit it has been possible to make some ob- 
servations of structure and function during the critical period after the first ar- 
rival of fibres at the muscle (Gutmann and Young, unpublished). 

The peroneal nerve was crushed in a series of rabbits 25 mm. from its point of 
entry into m. peroneus secundus, which produces abduction of the fourth toe 
(p. 367). After this injury fibres begin to arrive back near the end-plates after 
about 13 days, allowing 5 days for the initial delay, 6 days for growth down the 
trunk at 4.4 mm/day and 2 days for growth within the muscle. Histological ex- 
amination on the 14th day confirmed the presence of fibres in the intramuscular 
nerves, and their absence from the end-plates. Muscles taken on the 16th and 
18th days also showed no fibres in the end-plates, so that there is evidently a 
short period of delay before the fibres succeed in penetrating into the plates. 
Immediately they do so, however, they become able to excite the muscle, for in 
another muscle, examined on 18th day, faradic stimulation of the nerve produced 
a contraction, and some of the end-plates contained fibres. The reflex contrac- 
tion of the muscle, causing spreading of the toes when the animal is suddenly 
lowered, appeared first on 23rd day, and about this time the nerve fibres in the 
muscle begin to be thinly medullated. 

The variables are so related that it is impossible to be certain what is the cause 
of the short delay between appearance of indirect excitability and reflex function, 
but there is no reason to suppose that it is not due mainly to the need for the addi- 
tion of further innervated end-plates. Other factors operating may be matura- 
tion of the end-plates themselves, such that they are able to transmit with less 
delay, and improvement in the power of the nerve fibres to transmit impulses at 
appropriate frequencies. 

The connections made with the end-plates on the 18th day were very simple. 
The fibres were still very thin, though usually somewhat thickened just before 
their entry to the plate, as if they had been obstructed. Within the plate very 
few and excessively fine branches had been formed. During the subsequent 
period much richer branching and thickening of the knobs occurs, so that by 27th 
day the innervation could already be called excessive. It would be very in- 
teresting to study the mechanical, pharmacological and electrical responses dur- 
ing this period of innervation, and especially the responses at the end-plate (see 
Eccles, Katz and Kuffler, 1941). 

It is possible, then, that the additional branches and thickenings which are 
formed within the end-plates during the period after the first arrival of fibres are 
responsible for the increasing strength of movement which occurs (see p. 367). 
But it is just as likely that this improvement in function is due to the arrival of 
further fibres at end-plates, and to increasing medullation. In any case it is 
clear that under these conditions there is no delay longer than 10 days after ar- 
rival of fibres before functional connections are made. From this study of quick 
re-innervation in the rabbit it is not of course possible to speak definitely about 
the processes of recovery following sutures after longer periods of atrophy such as 
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occur in man, and which probably involve complete disappearance of the end- 
plates. There is no evidence available to tell us whether under such conditions a 
long delay occurs while the newly-arrived fibres are forming their end-plates. 

Degeneration and re-innervation of muscle spindles. ‘Tower (1932) has made a 
careful study of the degeneration of the spindles in the interosseus muscles of 
cats following section of the dorsal and ventral root innervation or both. After 
severance of the nerves in the limbs the changes in the muscle fibres in the spindle 
are similar to those in the extrafusal muscle fibres. There is first a process of 
atrophy and then, after about six months, degeneration begins to set in, so that 
after the denervation has been maintained for a year, only a few, highly modified 
spindles remain. The capsule becomes thickened and shrinks down, obliterating 
the periaxial space around the remains of the muscle fibres. 

Following section of the ventral roots alone Tower found that there was full 
degeneration at the poles of the intrafusal fibres, but that the equatorial region, 
being still provided with its sensory fibres, maintained its structure, except for 
some changes in the contractile substance of the fibres. Conversely after dorsal 
root section the poles were unaffected, but in the equatorial region the regular 
arrangement of the nuclei was lost and typical cross striation appeared. These 
very important observations show most clearly how the presence of a nerve fibre 
is able to maintain the characteristic structure of the tissue it innervates. 

Re-innervation of muscle spindles has been studied by Huber (1900), Tello 
(1907), Boeke (1916) and Hinsey (1927) in various muscles, especially intercostals 
and interossei. In all of these studies re-innervation was allowed to occur 
before atrophy had become extreme. Some new fibres were seen making end- 
plates of a motor type. Others passed around in the periaxial space, some of 
them, especially in Boeke’s series, becoming very much like the normal annular 
sensory fibres. It would be interesting to discover whether these endings are 
attached to motor and sensory fibres respectively, and if so how they come to 
reach their characteristic positions and structure. It is possible that we have 
here a case in which the nature of the termination is determined by the ingrowing 
nerve fibre and not by the terminal tissue. But unfortunately there has been no 
thorough investigation of this problem, nor of the still more important question 
of whether these regenerated endings become functional. 

Re-innervation of the skin. The return of subjective sensory phenomena dur- 
ing recovery from a nerve injury has been frequently studied, but there has 
been relatively little correlation of these findings with histological studies. Per- 
haps it is for this reason that there remains considerable controversy about the 
whole process. Special difficulties are introduced in the study of the skin by the 
fact that the fibres reach their endings only after passage through a complicated 
plexus. The plexus is continuous over the whole surface and there is thus op- 
portunity for overlapping of the areas innervated by two nerves. Recovery of 
sensation in an area which is anesthetic immediately after injury to a nerve may 
therefore take place in one or all of three ways. 1. By re-adjustment of the 
function of the fibres in the zone of overlap between the distribution of two 
nerves. 2. By local extension of the areas innervated by neighbouring nerves, 
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due to growth of new fibres through the plexuses. 3. By return of fibres to the 
denervated area by regeneration of the injured nerve. We may now discuss 
these processes separately, although in an actual case it is not always easy to 
distinguish them. 

1. At the margin of a denervated area there can usually be recognised an 
“intermediate zone” containing fibres from a neighbouring nerve. These fibres 
are not always able to function in isolation immediately after the nerve section, 
so that the area of sensory loss is greater immediately after injury than, say, two 
weeks later. It is not clear whether the adjustments which are responsible for 
this rapid recovery take place peripherally or centrally (see Weddell et al., 
1941). 

2. The whole area reached by the fibres of a nerve is known as its maximal 
zone. Following recovery in the intermediate zone as described above, there re- 
mains anesthesia only in the autonomous zone of the nerve. Recovery in this 
latter zone may however take place without the growth into it of fibres which 
have proceeded from the point of injury down the nerve trunk. Some measure 
of recovery can take place by the growth of fibres into the area from the un- 
severed fibres belonging to adjacent nerves (Weddell and Glees, 1941; Weddell 
et al., 1941). Itis not obvious why these fibres should grow out, since their axons 
have not been interrupted, but it is suggested that degeneration and new growth 
are continuously taking place in the plexuses and that this innervation by local 
extension is merely the manifestation of these powers of outgrowth. It seems 
not unlikely that the denervated portion of the plexus actually provides some 
stimulus to outgrowth from neighbouring regions. Presumably fibres from these 
regions would not normally be able to reach out into the autonomous zone of 
another nerve. Similarly Fort (1940) found that extra nerves implanted into 
the sartorius muscle of toads can only innervate the muscle fibres if the normal 
nerve is cut. Although recovery by local extension is probably not able to affect 
large areas of skin it can certainly produce full return of sensation to a small area. 
Thus Gutmann and Guttmann (1942) have seen complete recovery of algesia in 
the area of the heel innervated by the sural nerve of young rabbits, after removal 
of a stretch of that nerve in such a way as to prevent re-union of its stumps. In 
older animals recovery was only partial. 

3. In spite of the complicating factors introduced by the presence of inter- 
mediate zones and recovery by local extension, the sensory recovery through 
fibres growing down the nerve trunks proceeds in general from above downwards 
along an area, though the margin of advancing sensibility is seldom straight, and 
its progress may be irregular. In small areas recovery may be from the sides of 
the area inwards, or even from below upwards. But in larger areas, and espe- 
cially toward the ends of the limbs, where there is less complication from neigh- 
bouring nerves, the forward progress can regularily be recorded (see Bunnell and 
Boyes, 1939). By careful study of recovery of response to pin prick on the foot 
of a number of rabbits it was found that the average rate of advance of the 
margin of algesia was 2.05 + 0.14 mm/day after crushing the peroneal nerve, 
somewhat less after its suture (Gutmann et al., 1942). Rates not very different 











360 JOHN Z. YOUNG 


ean be calculated from the data of Trotter and Davies (1909) for Man. Such 
estimates must of course be distinguished from those for the rate of advance of 
axon tips or of medullation in the nerve trunks. In the present case what is 
estimated is the rate of advance of the process of functional completion in the 
cutaneous plexuses, and this rate may appear to be low because the actual dis- 
tances to be travelled are greater than those measured on the skin. The rate of 
maturation may however well be actually lower in the finer branches of the 
plexus than it is in the main trunks. 

Modern work on the subjective phenomena of sensory recovery may be said 
to begin with the postulation by Head, Rivers and Sherren (1905) of a period of 
protopathic sensibility, early in recovery, before the finer, epicritic, powers return. 
No agreed histological basis for this distinction has ever been reached, and the 
possibility of subjective separation of periods in this way has been denied by 
Trotter and Davies (1909) and several others. There is even considerable dis- 
agreement as to the order in which the various modalities of skin sensation return. 
The most usual order is for pain to return first, then touch and cold, with warmth 
somewhat later, but the order may vary somewhat. Now that the sensory 
functions of the various types of ending in the skin are becoming clear (see 
Woollard et al., 1939) we may hope for further information about the correlation 
between the peculiarities of sensation during the early period of recovery and 
the irregular shapes of the newly-formed endings. 

Degeneration and regeneration of the sensory corpuscles in the skin follows the 
same general pattern as that of the motor end-plates. There are some changes 
during the period of denervation, but usually no complete atrophy of the end- 
organ, though this may occur in some cases, for instance with taste buds (see 
Boeke, 1935) and perhaps would also be found to occur in areas left denervated 
for very long periods. ‘Then during re-innervation there is at first an excess of 
new fibres and these make atypical endings. In uddition new sensory corpuscles 
may be formed. Sasybin (1930) has made a careful study of these phenomena 
after removal of pieces of skin and after skin transplantation. 

Much of the best work on this subject during the past two decades has been 
on the large sensory corpi cles of Grandry and Herbst in the bill of the duck. 
Tamura (1922) found shrinkage of the cells of these organs 5-8 days after de- 
nervation. The first new fibres to enter the Grandry corpuscies make an irregu- 
lar network which becomes normal after 40 days. Boeke (1923) also showed 
that these corpuscles do not degenerate, but there is perhaps some increase in 
the number of their nuclei. During re-innurvation the fibres at first tend to 
grow round, rather than within, the corpuscle, but in 2-3 months they become 
normal. He believes that many new corpuscles, especially Grandry’s, are pro- 
duced.- Dijkstra (1933) maintained the denervation for four months, but found 
very little atrophy of the corpuscles. During re-innervation he did not find 
the abnormal forms seen by Tamura, but he agrees that new organs are formed, 
and showed that they form in the scar after the removal of a whole area of skin. 
He also transplanted skin from the bill of the duck to the leg and vice versa. 
The skin of the leg normally contains few corpuscles of Grandry, and during 
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re-innervation of the piece transplanted to the bill none were formed. In the 
piece from the bill, however, there was both re-innervation of the old corpuscles 
and the production of new ones. This important experiment confirms the con- 
clusion that re-innervation is mainly a non-specific process of outgrowth “at 
random’’, and shows that, at least in this case, the nature of any new organs which 
are formed under the stimulus of re-innervation is controlled by the tissues and 
not by the ingrowing nerve fibres. 

In the human skin Boeke and Heringa (1924) studied a piece taken nine 
months after nerve suture from an area showing ‘“‘typical protopathic sensi- 
bility.”” Some only of the Meissner corpuscles were innervated, but all those 
of Ruffini and Golgi-Mazzoni. Innervation of the hair follicles was plexiform 
and very abnormal. 

A most careful study of recovery in the skin of the finger tips of monkeys has 
been made by Jalowy (1935). During degeneration he found changes in the 
end-organs, but only some of them disappeared altogether. Neither the 
Merckel nor the Vater-Paccinian corpuscles showed any gross degeneration, 
though they sometimes stained abnormally. After 25 days many of the cells of 
the Merckel corpuscles become multipolar; though he does not mention any 
nuclear proliferation in them yet he calls them quasi Biingner’s bands. By 
the 40th day many Merckel corpuscles have been absorbed so that only half 
of them are fit for re-innervation, which proceeds gradually, with many irregular 
forms in the early stages. Some epithelial cells are converted into Merckel 
corpuscles, but many of the nerve fibres at this time make no special sensory 
endings, and there is an excess of “intra-epithelial fibres.’”’ In a piece of skin 
examined 270 days after operation this excess of free endings had been reduced, 
but there were still many abnormal whorls in the skin and only some of the 
Merckel and Meissner corpuscles were normal. 

Studying re-innervation of the skin of the snout of the guinea pig Jalowy 
(1934) found similar phenomena; an early excess of intra-epithelial fibres and of 
fibres around the hairs. The return of Merckel’s corpuscles to normal was 
gradual, in particular the loops which link the corpuscles together appeared very 
late. 

There is still no published case in which the condition of the end-organs in 
the skin has been thoroughly correlated with functional recovery. It is there- 
fore not yet possible to say how far the excess of innervation and abnormal 
shapes of the endings are responsible for the aberrations of sensation which are 
observed. There is every reason to think that the correlations will be found to 
be close, though the imperfect maturation of the nerve trunks may be equally 
important in producing these aberrations. The atypical whorls in the skin and 
the absence of loops between the Merckel corpuscles would be expected to lead 
to abnormalities in the sense of light touch. The excess of intra-epithelial end- 
ings may well be correlated with the curious forms of pain which are noticed. 
In fact the whole process of normalisation of structure and function in the skin 
during recovery is well worth further study. The conditions round during re- 
generation may help to explain such curious phenomena as that reported by 
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Hogg (1941), who found that during development only free endings may be 
present at a time when the fetus is already able to respond to light touch. 

Since each unit area of skin is normally approached by fibres from more than 
one direction (Weddell, 1941a, b) it is suggested that the gradual return of sensa- 
tion is a result of the slowly increasing number of new endings which are com- 
pleted-as fibres grow into an area from various directions. Weddell suggests 
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Fig. 8. Experiments to show the effect of delay in making sutures. A and B, to test the 
power of outgrowth from the central stump. A, the tibial nerve has been cut, several cen- 
timeters resected from it and the animal left. Neuroma and glioma have formed. B, the 
neuroma is removed, peroneal nerve cut and its peripheral end sutured to the base of the 
neuroma. 

C and D, to test the receptive power of the peripheral stump. C,several centimeters have 
been resected from the tibial nerve and formaldehyde injected to prevent outgrowth from 
the central stump. D, the glioma is removed, the peroneal nerve cut, and its central 
stump sutured to the base of the glioma. 


that the “explosive” sensation observed during the early part of regeneration is 
a result of the fact that ‘“‘each sensory spot is innervated by a single fibre instead 
of multiple fibres’. He also suggests that similar disturbances of pattern are 
responsible for the irradiation of sensation which is felt in intermediate zones. 

It is clear that after the first arrival of fibres in the skin there is a considerable 
period of normalisation before anything like a full recovery is made. We do not 
yet know enough to say whether this period is occupied by maturation in the 
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end-organs of the skin, in the plexus, or in the nerve trunks. Perhaps all of 
these are involved. Further knowledge on these points might point the way to 
procedures for improving the imperfect recoveries so often recorded in Man. 

The effect of delayed suture upon regeneration. Regeneration can take place 
when stumps are sutured after being left apart for many years. It is generally 
considered that sutures which have been long delayed produce unsatisfagtory 
recoveries (Lewis, 1920; Foerster, 1929) but it is not clear which of the above 
variables is responsible. Kilvington (1912) investigated the recovery after de- 
layed suture in four dogs and concluded that the reduced effectiveness of regen- 
eration is due to a decline in the power of the central stump to send out fibres, 
rather than of the peripheral stump to receive them. We have investigated 
these factors separately in the rabbit (Holmes and Young, 1942). In order to 
examine the power of outgrowth from the central stump a stretch was removed 
from the tibial nerve in the thigh, and the central stump left to form a bulb. 
After various times a second operation was performed, the bulb removed and 
the stump sutured into a fresh peripheral stump, provided by cutting the 
hitherto untouched peroneal nerve (fig.8, A and B). The animals were then left 
for 25 days, at the end of which time the distance reached by new fibres was 
determined by pinching the peripheral stump (p. 345). The second operation 
was done at times varying from 2 to 365 days after the first, and in all cases the 
power of outgrowth was found to be as great as in cases where a primary sever- 
ance and suture was made, this being done on the opposite sides of the animals 
asacontrol. There is therefore, contrary to the belief of Kilvington, a remark- 
able conservation of the regenerative power of the neurons, even when they are 
not functioning. Cutting twice at short intervals (2 days) was also found not 
to reduce the power of outgrowth. 

The power of the peripheral stump to receive new fibres can be tested by the 
converse experiment (fig. 8,C and D). A large stretch was resected from the 
tibial nerve in the thigh, and the central stump injected, usually with formalde- 
hyde, to reduce outgrowth (p. 330). The animals were left for varying periods 
up to 15 months, and the peripheral stump was then exposed, a portion removed 
from its end, and the hitherto intact peroneal nerve severed and joined to the 
tibial by means of concentrated plasma. Study of the piece removed showed 
that the procedure had been effective in preventing the re-innervation of the 
peripheral stump, except in one or two cases where a few fibres were present. A 
similar operation on the opposite side of the same animal provided a control 
primary suture, and the animals were then left for varying periods to enable 
determination of the distance to which fibres would grow and the time at which 
they would medullate. 

It was found that when secondary suture was made within about six months 
of the original injury the distance reached by new fibres, as determined by the 
response to pinching the nerve (p. 345), was as great as with primary sutures. 
After longer periods, however, the results became irregular, a number of the 
cases showing reduced distance of outgrowth. Even as long as 17 months after 
injury, however, it was found that some cases showed regeneration of the full 
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extent expected. This seems to show that the reduction in the volume of the 
Schwann tubes, and their complete filling with the protoplasm of the Schwann 
cells does not present an extra barrier to the outgrowth of fibres. This point 
has special interest because it suggests that there is not likely to be a decline in 
the rate of growth of fibres in the distal portions of long nerves, such as those of 
man, Jn which the Schwann bands must reach a state similar to that in these 
experiments before the fibres can reach them after a suture. 

The explanation for the variability of the distance of outgrowth recorded after 
secondary suture was found by examination of the region of the suture itself. 
In many cases the union with the long-degenerated stump was made less well 
than that on the control side. This appears to be the result of a failure of out- 
growth by the Schwann cells. In some cases it could be seen that the cut surface 
of the peripheral stump, which normally yields a broad stream of Schwann cells, 
was closed off abruptly by fibrous tissue, though usually some outgrowth of 
Schwann cells had taken place. This condition would certainly not be the most 
favourable for the making of a successful union. In fact if there is a decline in 
the power of outgrowth from the peripheral stump this by itself constitutes a 
strong contra-indication to a long delay before performance of suture. In order 
to investigate this question further, Abercrombie and Johnson (1942) have 
studied the power of outgrowth in vitro of Schwann cells from stumps left un- 
innervated for various periods. Ingebrigtsen (1916) showed that Schwann cells 
will not move out from an explant of a piece of normal nerve, but only from one 
which has been allowed to degenerate for 4 days or more. Abercrombie and 
Johnson find that this power of outgrowth continues to increase for some time, 
so that the greatest outgrowth is obtained from explanted pieces of stumps 
previously degenerated for 19-25 days. After this period the power of out- 
growth declines rapidly up to about 60 days, and thereafter more slowly. Even 
after a year however the outgrowth is much more vigorous than that which occurs 
from a piece explanted from normal nerve. These experiments thus agree with 
the histological observation of secondary sutures in showing that when stumps 
are joined after long delay the union has to be made without the maximum as- 
sistance of the cells of the peripheral stump. Nevertheless these cells retain 
their powers, though to a diminished extent, for a very long time. 

The experiments in which delayed suture of the peripheral stump was made 
provided evidence that medullation is less rapid after secondary than pri- 
mary suture. This is perhaps also a result of the reduced activity of the 
Schwann cells in applying themselves to the new fibres. In these stumps which 
have remained uninnervated for so long, the size of the Schwann tubes becomes 
very much reduced, and correspondingly more of the cross section of the nerves 
is taken up by the endoneurium itself. This shrinkage, by approximately one 
half, reduces not only the diameter of each tube but also that of the whole nerve. 
This is itself an adverse factor in delayed suture, since it makes it difficult to 
obtain good apposition of the stumps. We have seen (p. 345) that after primary 
suture, when the tubes are large, great numbers of new fibres may enter into each 
old tube. After secondary suture this number is certainly less, though several 
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fibres may often be seen within even a small tube (fig. 4). It is probable that 
this reduced “penetrability” of the long-degenerated stump is another factor 
operating to make secondary suture unsatisfactory. 

In the early stages the new fibres are much larger in each tube after delayed 
than immediate suture, presumably because they meet more resistance to their 
advance. But this does not lead to more efficient medullation. In stumps ex- 
amined 100 days after suture there were found to be much larger and better 
medullated fibres after immediate than delayed suture. In fact the shrinkage 
of the Schwann tubes during the long degeneration makes it difficult for the new 
ingrowing fibres to increase rapidly in diameter, just as it did when a somatic 
nerve was sutured to a postganglionic one (p. 348). The atrophy of the nerve 
produced by long degeneration cannot therefore be reversed, at least for a long 
time, but imposes a limitation on the regeneration which retards it, perhaps 
indefinitely. The whole diameter of the nerve is in fact still very much smaller 
at 100 days after secondary than after primary suture. 

Finally we may mention here the worst of all effects of delayed suture, namely, 
the excessive atrophy of the end-organs, and especially muscles, which it pro- 
duces. This, with all its secondary consequences, is itself alone a strong contra- 
indication to delay. The muscle fibres shrink rapidly in volume and may dis- 
appear altogether, there being proliferation of interstitial fibrous tissue and 
perhaps actual transformation of muscle into fibrous tissue (Tower, 1939). 
Moreover if the motor end plates disappear new ones must be made. These 
changes are accompanied by contracture and fixation of the muscle which makes 
recovery both of the muscle itself and of associated structures progressively more 
difficult. In an attempt to measure the effect of this atrophy on subsequent. 
recovery Gutmann (1942) has tested the speed and quality of recovery of atro- 
phied muscles by severing the peroneal nerve of the rabbit in such a way as to 
leave the peripheral stump uninnervated for periods up to 8 months. A second 
operation was then performed, the tibial nerve being cut and sutured into the 
long-degenerated peroneal stump, a similar procedure on the opposite side serving 
as a control. Only partial spreading of the toes ever appears after such cross 
union but it was found that the onset of recovery was somewhat delayed, and 
its extent always less, after long degeneration than on the control side. It is not. 
of course possible from these experiments to say to what extent these effects of 
delay in suturing are due to atrophy of the muscle or whether the factors dis- 
cussed above, which may be called atrophy of the nerve, piay any part. 

No method is known by which muscle atrophy can be prevented, but it is in- 
creased by stretching and can be reduced by exercise of the muscles with electri- 
eal stimulation and perhaps massage. Gutmann and Guttmann (1942) have 
recently shown that denervated muscles which have been given galvanic treat- 
ment maintain their volume much better than untreated ones, and develop less 
fibrosis. The actual time of the beginning of recovery is not shortened, but the 
treated muscle weighs much more at the time of recovery and its contractile power 
develops more quickly. Eccles (1941) has found beneficial effect in disuse 
atrophy from very short faradic stimulation of the nerve, but the shortest time of 
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treatment which is effective in atrophy after denervation is not known. The 
reasons for the atrophy of muscle during denervation are still obscure (see 
Tower, 1939). When they are revealed it will perhaps be possible to provide 
effective means of preventing this most serious effect of delay in re-innervation. 

Delay in suturing is therefore certain to lead to reduced efficiency of regenera- 
tion because /, the atrophy of the nerve makes apposition difficult; 2, the 
Schwann cell outgrowth is reduced and the union therefore less well made; 3, the 
tubes in the peripheral stump being smaller can receive only fewer fibres, giving 
smaller chances of appropriate connections; 4, medullation is seriously delayed 
and full maturation of the fibres probably permanently prevented; 5, there is 


A 






LQ 


B 





59 
C 


? 0 20 90 40 
DAYS 


Fig. 9. Diagrams to show the recovery of the function of spreading of the toes of the 
rabbit after various procedures. Four degrees of movement were distinguished and each 
diagram shows the improvement recorded during the 6 weeks following the first appearance 
of recovery. A, after a single local crush; B, after severance and suture of the nerve; C, 
after removal of 2 cm. from the nerve (unaided union). All the lesions were made at the 
same distance from the muscle, and the time of the onset of recovery is shown at the left of 
each figure. (Figure kindly supplied by Dr. E. Gutmann.) 
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progressive atrophy and ultimately disappearance of muscle fibres, end-plates, 
and end organs in the skin. It is impossible to say exactly at what time these 
effects of delay begin to become serious. All the factors except 2 increase pro- 
gressively from the beginning, and it seems not too much to say, therefore, that 
any delay greater than, say, one month before the performance of suture must 
retard recovery and prejudice the final functional result. There are of course 
many conditions which enforce some waiting in human cases, but the above 
considerations suggest that the shorter the delay the better will be recovery. 
Clinical results do not contradict this view. 

The factors affecting recovery. A comparison of the actual functional results 
achieved after various types of nerve injury and suture makes a useful basis for 
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a final discussion of the factors controlling recovery. Gutmann (1942) and 
Gutmann and Sanders (1942) have made such comparison possible by producing 
lesions of various sorts in the peroneal nerve of the rabbit, keeping all other 
factors, such as distance from the muscle, constant. They have compared the 
time and extent of recovery of the function of spreading of the toes, reflexly 
produced by a sudden lowering of the animal. Since this movement involves 
only a single group of muscles it is possible to make much more reliable com- 
parisons than with study of recovery of some complex movement, such as the 
gait of the whole limb, which involves the use of normal as well as recovering 
muscles. 

A seale of four degrees of recovery was adopted, 1 indicating the appearance 
of a very slight movement and 4 full normal function. After interruption of the 
nerve by thorough crushing with forceps at a single point 80 mm. from the mus- 
cle, function began to return between the 40th and 50th day. Thereafter im- 
provement in the extent of the movement was rapid, so that stage 4 was reached 
a week after the beginning of recovery (fig. 9). Recovery even continued until 
the movement was greater than that normally observed (cf. Machida, 1929). 
This ‘“‘overspreading”’ of the toes usually lasted for a few weeks and then grad- 
ually subsided. It would be interesting to discover whether this overfunction 
is due to the excess of fibres produced. Full normality of recovery was not seen 
after any other procedure except this simple crushing. After severance and 
suture at 80 mm. from the muscle function began to return between 60th and 
70th day, and slowly improved up to stage 3. No animal ever showed full 
recovery (stage 4) after suture and many did not proceed further than stage 2. 
The insertion of autografts 2 em. long produced results very similar to suture, 
and homografts were only a little worse. When a gap of 2 cm. was left between 
the severed stumps (p. 325) function only re-appeured at all in one of six cases, 
and then on the 117th day. Even after 180 days it reached only the degree 
represented by stage 2. 

When the nerve was crushed completely over a length of 4 cm. the time of 
onset of recovery was later, and its progress slower than after a crush at a single 
point, but the final recovery achieved was better than after severance and suture. 
This is of special interest because crushes of this sort resemble the nerve lesions 
found in some gunshot wounds. 

Gutmann also studied the effect of the level of lesion on the recovery of motor 
function. After simple crush lesions at the knee the full extent of toe movement 
returned, on the average, 8 days after the beginning of recovery, whereas after 
a similar lesion high in the thigh the recovery, besides of course beginning much 
later, proceeded more slowly and was complete only after 14 days. This dif- 
ference may be due to the greater degree of muscle atrophy which follows the 
more distant lesion, perhaps also to the more scattered arrival of regenerated 
fibres at the muscle and the necessity for them to become more fully medullated 
in order to function effectively over the longer stretch of new nerve (see p. 352). 

Similar results were obtained by Gutmann and Guttmann (1942) in a study 
of the effect of various factors on the time and degree of sensory recovery, though 
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it is less easy to make exact quantitative comparison of the degrees of sensory 
function. The shrinkage of the autonomous zone of analgesia of the peroneal 
nerve of the rabbit proceeds more slowly after severance and suture than after 
a local crush (p. 351). The level of lesion also has a considerable influence. 
The nerve was crushed in different animals at various levels between the ankle 
and the hip and the time of recovery was, at least in some cases, unduly delayed 
in the higher lesions. Moreover the advance of recovery over the dorsum of the 
foot was sometimes quicker after the closer lesions. 

From these experiments it is clear that the most important factor determining 
the time and degree of recovery is the condition at the site of the lesion. The 
processes of regeneration proceed at their maximum rate, and reach their fullest 
extent, only when a nerve has been crushed over a very short length. A crush 
over a long length is followed by a less complete recovery, and if the nerve be cut 
and sutured then even under the most favourable circumstances the regeneration 
will be much slower and less complete than after a crush lesion. Any gap left 
between the stumps produces yet further delay and imperfection of recovery. 

ther factors seem to be of smaller importance. Delay in the performance of 
suture leads to unsatisfactory unions and prejudices the chances of recovery in 
various ways (p. 366). The distance of the lesion from the end organ also has 
an effect on the progress of recovery as well as the time of its onset. 

For our present purpose the significant features of these experiments are first, 
that after a crush recovery rapidly reaches a full value, and secondly, that after 
the other injuries, though it may show a slow improvement for a while, it fails 
to reach normality. These facts all agree with the thesis that the chief factor 
which determines the extent of the recovery is the number of initial sprouts from 
the injured region which regain appropriate peripheral pathways. It would be 
most important to be able to decide for certain what are the factors which pro- 
duce the improvement after the beginning of re-innervation, so that we might 
attempt to assist them and increase the degree of recovery. Weiss (1941la) has 
produced evidence to show that in the tadpole thick bundles of nerve fibres are 
formed by successive addition of fibres to successful fasciculi. He found that 
when a piece of central nervous system and a limb bud were “‘deplanted”’ near 
together into a tadpole’s tail, direct connections were formed between them. 
He suggests that this condition is a result of the fact that of fibres growing out 
in all directions from the deplanted nerve cells “only those nerves which have 
entered the limb, have subsequently become filled up into a sizable bundle... 
obviously those pioneering fibres which had accidently struck the limb had 
thereby acquired some contact property which made their surface sticky, or 
otherwise a pathway of preferential application, for other fibres growing out 
subsequently” (p. 181). 

The bundles of fibres which are produced in mammals at the extremity of an 
isolated central stump, or between the stumps after a bad suture, give every 
reason to suppose that some similiar process of addition is taking place. It 
seems almost certain that a process of fasciculation by addition takes place 
also during the outgrowth of Schwann cells from the peripheral stump. But in 
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both these cases, since no functional connection has yet been formed, it would 
seem that the outgrowing fibres, whether nervous or Schwannic, tend simply to 
stick together and to make pathways along which others are added. If this 
process could continue indefinitely, and especially if new fibres were later added 
alongside those which made successful functional connections, we should have 
a mechanism by which the degree of function would be gradually improved. 

In the case of the recoveries after local crushing the improvement in function 
is too rapid to be due to subsequent addition of further fibres to those which 
have established successful connections. The improvement in that case is prob- 
ably due rather to the increase in number, diameter and medullation of the fibres, 
leading them to carry volleys of higher rates and more effective synchrony. 
These factors are no doubt responsible for part at least of the slower improve- 
ment which is seen after suture or grafting. The fact that in these latter cases 
no full recovery was reached shows that the process of subsequent addition to 
successful fibres is not rapidly effective, but it may well be that it is at work none 
the less. It must be remembered that many fibres enter each original tube in 
the peripheral stump (p. 343) and that we do not know what factors determine 
which of these shall survive, and increase in diameter. Certainly more than one 
fibre can become enclosed in the Schwann protoplasm and acquire a myelin 
sheath, and it is not impossible that once one fibre of a set within a tube has 
made successful connection others are assisted with medullation. But it is 
equally possible that the reverse occurs and that the successful fibre eliminates 
the others. At every step we are faced with the importance of discovering more 
about the trophic factors which promote the maintenance and increase of some 
fibres but not others. 

It is very probable that the subsequent addition to successful fibres, such as 
would produce full recovery, depends, as Weiss suggests, on the nature of the 
medium. Such fasciculation no doubt takes place readily only in a rather fluid 
medium, which may perhaps be provided during the early stages, but not later, 
when the tissue between the stumps has become organised. 

In Amphibia it appears that even a relatively exiguous nerve supply is able 
to expand, as it were, by branching, so as to control a large peripheral field. 
Thus the innervation of a given region of a regenerating limb is equally rich 
whether it is allowed normal, supernormal or reduced nerve supply (Weiss, 
1934; Litwiller, 1938, 1938a). The data available suggest that in mammals 
the capacity for such adjustment is smaller. When recovery is poor or absent 
after long periods, as in the above experiments or in an old unrecovered nerve 
injury in man, one finds few and poorly medullated fibres in the peripheral stump 
and end-organs. They have not multiplied to supply the whole field. It cannot 
be excluded that they would do so if given sufficient time, but I have seen such 
a condition in the peripheral stump of a radial nerve injured 7 years before, when 
the subject was only two years old. 

In fact there is little evidence that in mammals the “demand” of the periphery 
can increase the supply of fibres. The nuimber in any region of nerve, muscle or 
skin appears to be determined by the number which have arrived there during 
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the initial outgrowth along the Schwann cells, and perhaps other surfaces, which 
are provided. On the other hand there must be potent influences which reduce 
the numbers of superfluous fibres. We have seen these influences at work at 
many points; in the removal of the majority of that enormous number of fine 
end-bulbs which is produced in the scar during the early period of outgrowth, 
in the removal of the spirals of Perroncito, and in the reduction of the number 
of the fine fibres which at first enter the peripheral stump. Absence of connec- 
tion, first with any suitable surface in the case of the initial bulbs, and then with 
a chain of Schwann cells, may be the chief factors which lead to this atrophy. 
Absence of function may be another factor. However it is certain that nerve 
fibres car persist without useful function for a very long time. It is impossible 
to say that either motor or sensory fibres in an amputation neuroma carry no 
impulses, though if they do carry them it is but uselessly. Yet they may remain 
for many years. In fact this problem, like most of the problems of trophic de- 
pendence and effects of use and disuse, is shrouded in mystery. 

Nor is there much evidence that neurons which form atypical connections can 
subsequently re-adjust their function. Sperry (1940, 1941, 1942) has shown that 
when the function of a single nerve is examined in the rat it is found that very 
little adjustment can take place. The fibres of the peroneal nerve continue to 
carry impulses in the reflex situations in which they would normally be in action, 
whatever effect the impulses are made to have by transplanting the nerve 
or the muscle. In Man some adjustment may be possible but the possibility 
of re-education is very limited. Thus Ford and Woodhall (1938) state that 
in recovered facial palsies ‘““whenever the patient moved any part of (that) side 
of the face every muscle supplied by the 7th nerve contracted’’. 

In Mammals, then, there is little indication that recovery is helped by any 
special agencies such as specific direction of outgrowth, attraction to end-organs, 
successive addition of new fibres to successful ones, atrophy of wrongiy connected 
fibres or profound central re-adjustments. 

Successful nervous regeneration must therefore depend mainly on the chances 
provided for adequate numbers of the outgrowing fibres to establish connections 
resembling their original ones. For this purpose it is provided that very many 
nerve fibres shall sprout out from the central stump and be met by many strands 
of Schwann cells, reaching out across the scar and thus ready to lead them to the 
peripheral stump. The axon tips then progress down the nerve, many within 
each original tube, and some of them will connect with appropriate end-organs. 
Function will not return with the first arrival of fibres at the end-organ, but only 
when the full process of regeneration of nerve has been completed by increase in 
the diameter of the fibres and their medullation. The rate and extent of the 
increase of fibre size probably depends on the outflow from the central fibre. 
Hence the diameter of the latter, and perhaps the number of branches which it 
has to feed, determine the course of regeneration. But the size of the Schwann 
tube of the peripheral stump also affects the maturation. Small tubes allow 
at best only a slow increase of diameter, so that the longer a nerve has atrophied 
the less effectively will it regenerate. 
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The process of maturation therefore sweeps down the nerve long after the 
advance of the axon tips, and at a slower rate than the latter. Function only 
recovers when and to the extent that a sufficient number of the fibres with ap- 
propriate connections have become thus functionally completed. 
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EXTRAMEDULLARY BLOOD PRODUCTION 
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In the case of mammals throughout post-natal life blood cells are produced 
under normal conditions exclusively in the bone marrow. ‘This statement ap- 
plies only to two of the three predominating and essential hemocytes, the eryth- 
rocytes and the granulocytes. The third type of cell which occurs in great 
numbers in the circulating blood, namely, the lymphocyte, is produced chiefly 
in the lymph nodes and the spleen, to a relatively small extent in the bone mar- 
row. It is essentially extramedullary in origin. The lymphocytes formed in 
lymph nodes enter the blood stream via the lymphatic radicles of the thoracic 
duct and the right lymphatic duct; those produced in the spleen and the bone 
marrow pass directly into sinusoidal venous channels. Minor contributions of 
lymphocytes are made also from the thymus and lymphoid areas in the wall of 
the gastro-intestinal canal. This mixture of lymphocytes with erythrocytes and 
granulocytes in the blood, and especially the presence of lymphocytes in the bone 
marrow, at once raises the questions of the function of lymphocytes and of a 
possible genetic relationship of lymphocytes to erythrocytes and granulocytes. 

Extramedullary blood formation occurs under various pathologic conditions 
in adult mammals. Recorded cases refer chiefly to man. Brannan (1927) has 
published an extensive review of the literature on extramedullary hemopoiesis 
in anemias. Diamond, Blackfan and Baty (1932) and Strong and Marks 
(1939) reviewed the recent literature on ectopic blood production in erythro- 
blastosis fetalis. The tissues most frequently involved are lymph nodes, spleen 
and liver. But extramedullary blood formation occurs normally in the fetus in 
liver, spleen and lymph nodes. It is a significant fact that normal embryonic 
and fetal extramedullary blood formation involves the same organs in which the 
phenomenon occurs pathologically in the infant and adult. 

When search is made for common anatomical features among red bone mar- 
row, spleen, liver and lymph nodes one finds only a sinusoidal circulation, lym- 
phatic in the case of lymph nodes. But certain other tissues (e.g., erectile tis- 
sues, suprarenal cortex, fetal and adult kidney) have in part a sinusoidal venous 
circulation. In contrast with lymph nodes, where lymphatic sinuses are rela- 
tively voluminous, spleen, liver and bone marrow lack definite parenchymal 
lymphatics. A feature common to spleen, lymph nodes and marrow is the oc- 
currence of lymphocytes, predominant in lymph nodes and spleen, normally 
relatively sparse in mammalian red bone marrow. Anatomic conditions favor- 
able for red cell production include sinusoidal venous circulation, lack of lym- 
phaties and presence of lymphocytes. Only in the older fetus and, under patho- 
logic conditions in the infant and adult, are erythrocytes produced in lymph 
nodes. In the adult the evidence indicates that in erythrocytopoietic lymph 
nodes the afferent or efferent lymphatics or both have become disconnected. 
Certain sinuses may become connected with the blood vascular system, as in 
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hemal nodes, or fluid exchange may occur between the blood and the stagnant 
lymph of the sinuses, effecting a close physiologic identity. Pathologic lymph 
nodes with erythroid metaplasia thus correspond closely to conditions in spleen 
and bone marrow. Even under normal conditions lymph and blood plasma are 
closely similar in chemical composition. 

Comparative data. In lower vertebrates blood formation is exclusively extra- 
medullary. Hollow bones, with erythropoietic marrow, appear first in anuran 
amphibians. In the tailed amphibians (salamanders) red blood cells are pro- 
duced in the spleen. Even in the tailless amphibians the bone marrow functions 
erythrocytopoietically only for brief periods following metamorphosis and the an- 
nual hibernation; during the remaining time red cells are produced in the spleen. 
Prior to metamorphosis red cells are produced also in the venous sinusoids of the 
mesonephros. In the higher sub-mammalian vertebrates (reptiles and birds) 
erythrocytes are produced in the bone marrow; also in the spleen to a consider- 
able extent in certain reptiles, to a small extent in birds. 

It becomes apparent that phylogenetically the spleen is an important red cell 
producing organ; indeed, in fishes it is the primary blood producing organ, with 
variable assistance from the mesonephros. It appears that red cell formation 
in bone marrow is a secondary, essentially fortuitous condition. With the ap- 
pearance of hollow bones, with a vascular nutritional medulla, conditions in the 
marrow, with its sinusoidal venous circulation, became favorable for red cell 
production, and this activity was shifted from spleen to bone marrow (Jordan, 
1933, 1937). 

In the lowest fishes, e.g., the hagfish, the spleen consists of loose lymphoid 
tissue, enveloping the veins of the submucosa, along the entire length of the 
short intestine. In the lymphoid tissue enveloping the terminal thin-walled 
venous channels certain cells enlarge and migrate into the venous sinusoids, 
where they elaborate hemoglobin and mature as erythrocytes. The spleen of 
the hagfish is the locus of origin also of granular leucocytes; these develop in situ 
from enlarging cells in the extravascular lymphoid parenchyma. This lym- 
phoid tissue in the wall of the intestine of the hagfish may be designated a “dis- 
perse spleen.” In the lamprey, moderately compact lymphoid tissue occurs in 
the spiral valve of the intestine. This lymphoid tissue constitutes a “diffuse 
spleen.’”’ As in the spleen of the hagfish, certain of the lymphoid cells enlarge 
and migrate into adjacent venous channels. These intravascular hemoblasts 
differentiate into erythrocytes; identical extravascular hemoblasts develop into 
granulocytes. In the lungfish, lymphoid tissue becomes aggregated in the wall 
of the stomach, constituting an “aggregate spleen.”’ Here both red and white 
cells differentiate, red cells in venous sinusoids, granulocytes in intervascular 
stroma. 

In the ganoid fishes and in elasmobranchs, lymphocytes become segregated 
into a discrete encapsulated spleen attached to the gut by a distinct mesentery. 
In these fishes red cells are formed chiefly in the spleen, to a small extent in the 
mesonephros. Granulocytes may be produced also in the submucosa of the gut, 
and in the stroma of the kidney. In elasmobranchs, granulocytes are formed in 
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the stromal tissue of the ovary and testis. In certain salamanders, granulocytes 
are produced in the subcapsular area of the liver. The Proteidae are an excep- 
tion; in these urodeles granulocyte production is limited to the intertubular 
stroma of the mesonephros, erythrocytes are produced in the spleen (Jordan, 
1932) The primary elements of the circulating blood are hemoglobin bearing 
cells, the erythrocytes; they are the respiratory elements. Lymphocytes, mono- 
cytes and granulocytes are in a sense extraneous elements, invasion products, 
which have entered the blood system for purposes of more rapid transportation. 

Considering extramedullary blood formation—whether as a normal process 
in adult lower vertebrates, a normal process in larval higher vertebrates, a nor- 
mal process in the mammalian embryo and fetus, or as a metaplastic phenomenon 
in adult mammals under certain pathologic conditions—with a view to disclosing 
common factors operative for red cell maturation, whether in primitive kidney 
(mesonephros), spleen, yolk sac, liver, lymph nodes or red bone marrow, we find 
two elements common to all the areas: lymphocytes and a sinusoidal venous cir- 
culation, that is to say, lymphocytes in a slowly moving plasma with a relatively 
high CO, tension. 

The problem, then, in an effort to explain erythroid metaplasia in spleen, liver 
and lymph nodes in mammals and man, becomes one of determining the genetic 
relation between lymphocytes and definitive blood cells, both red and white. 
Very fortunately there exists a most favorable material for study of the problem 
in the bone marrow of birds (Jordan, 1935, 1936, 1937). Birds lack lymph 
nodes. Presumably in compensation for this lack the bone marrow contains 
numerous nodules of lymphoid tissue. These nodules have an extensive supply 
of capillaries. The lymphocytes are predominantly of the small and medium- 
sized varieties. Such grow to the size and acquire the cytologic features of he- 
mocytoblasts. Some of these cells enter the capillaries, both by migration and 
direct incorporation following local transformation of reticular cells into endo- 
thelium, whence they are carried into the extranodular venous sinuses with 
stagnant blood where they mature into erythrocytes. The hemocytoblasts 
which migrate into the extranodular intervascular stroma differentiate into 
granulocytes. Here, then, best illustrated in common fowl and turkey, is a 
demonstration that lymphocytes function as common progenitors of both eryth- 
rocytes and granulocytes. The specific line of differentiation depends upon 
a differential environment. The fundamental differential factor is the presence 
of something within the slowly moving blood of the marrow sinusoids that is 
absent, at least not present to the same degree, in the intervascular stroma. 
This something is obviously, at least in part, a difference in the degree of CO. 
tension. Hemoglobin elaboration may be assumed to be dependent fundamen- 
tally upon a relatively high CO, tension. 

The same explanation may be applied in common to tissues where red cells 
are formed, whether in lower vertebrates, larvae of higher vertebrates, mamma- 
lian embryos and fetuses, normal red bone marrow of adult mammals, and meta- 
plastic erythroid areas of adult mammals under pathologic conditions, i.e., to the 
disperse spleen of the hagfish, the diffuse spleen of the lamprey, the aggregate 
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spleen of the lungfish, the segregate spleen of ganoids, elasmobranchs and teleost 
fishes, the spleen of adult amphibians, the mesonephros of larval amphibians, 
the bone marrow of reptiles, birds and mammals; the yolk sac, liver, spleen and 
bone marrow of mammalian fetuses; and the liver, spleen and lymph nodes of 
man under certain pathologic conditions characterized by erythroid metaplasia. 
In every instance the red cells are produced from ancestral lymphocyte-like 
cells in venous sinuses with relatively stagnant blood (Jordan, 1939). 

In the case of chicken, pigeon and turkey careful detailed comparative studies 
of the predominating parenchymal cells of the nodules of the bone marrow, 
spleen and rectal ceca reveal that these cells are cytologically identical. If the 
prevailing small lymphoid cells of the spleen and the nodules of the ceca of birds 
are genuine small lymphocytes, then the small cells of the lymphoid nodules of 
the bone marrow must also be regarded as genuine lymphocytes. Since these 
same cells in the spleen of the young bird, and homologous cells in the spleen of 
reptiles, amphibians and fishes, differentiate in part into erythrocytes, it should 
not be surprising that as a resident of the favorable venous sinuses of the bone 
marrow the lymphocyte should here also express its potentiality for erythrocy- 
topoiesis. Moreover, the identical cell of the marrow nodules of local primary 
heteroplastic origin should logically have the same capacity. 

The objective evidence seems positive regarding the normal erythrocytogenic 
function of the small lymphocytes in the bone marrow of birds. Applying the 
conclusions built upon the data of comparative hematology, more especially 
those from hemocytopoietic tissues of amphibians and birds, to the mammalian 
group, the very strong inference is suggested that the small lymphocytes of mam- 
mals are also polyvalent embryonal ceils which, filtered out in the bone marrow, 
function as supplementary blood-cell precursors in addition to local ancestors. 

EXPERIMENTAL. The intimate functional relationship of the spleen to the 
process of blood cell production, even in higher vertebrates where erythrocyto- 
poiesis is normally restricted to the bone marrow, is revealed in splenectomized 
pigeons (Jordan and Robeson, 1942). Pigeons, in contrast with the chicken and 
turkey, normally lack definite lymphoid nodules in the marrow. Presumably 
the supply of small lymphocytes from the spleen, to be filtered from the blood 
stream in the marrow, is adequate for the needs of normai intramedullary eryth- 
rocyte production without the help of intramedullary lymphoid nodules. 
When the greater part of the spleen is destroyed by cauterization the marrow of 
the femur and the tibia produces its own lymphoid nodules, p»esuimably in com- 
pensation for those removed with the spleen. These intramedullary lymphoid 
nodules, which aid in the supply of ancestral lymphocytes for erythrocytes and 
granulocytes, in addition to general hypertrophy of the hemopoietic parenchy- 
ma, appear towards the end of the third week following subtotal splenectomy 
and reach a maximum in number and size during the fifth and sixth week. 
Meanwhile the splenic remnant may regenerate rapidly. In those splenecto- 
mized pigeons in which the spleen has regenerated to approximately normal size 
by the end of the fourth week following the operation, the newly formed lym- 
phoid nodules of the marrow undergo regression. The regenerating splenic tis- 
sue itself shows numerous large and very active lymphoid nodules. 
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The close functional relationship between spleen and bone marrow in birds is 
in accord with expectations based upon evidence derived from a study of ery- 
throcytopoiesis in amphibians, where the spleen is the chief locus in the adult 
of red cell production. Confirmatory evidence of the activity of lymphocytes 
as red cell progenitors in amphibians accrues for the results of inanition experi- 
ments with the common salamander, Triturus viridescens (Jordan, 1938). 
When this urodele is starved for a period of about four months a rapidly fatal 
anemia develops. Persistent erythrocytes are pale and degenerate, and the 
number of circulating lymphocytes greatly reduced. Furthermore, the spleen 
has become small and fibrotic through loss of lymphocytes and reduction of 
proliferative activity. Death can be prevented by feeding with earthworms. 
Within a week the blood has become restored to normal, except that the majority 
of the lymphocytes are of the small variety and a large proportion of the eryth- 
rocytes are of relatively small size. The interpretation of the presence of 
these numerous microcytes would appear to be in terms of the predominance of 
small lymphocytes. The need for new erythrocytes in the terminal stages of 
the experimental inanition is so intense that the rapidly proliferating ancestral 
lymphocytes under starvation conditions are not given time or adequate nutri- 
tion to grow to the usual size of large lymphocytes before transformation into 
erythrocytes. 

A fundamental question concerning red cell production relates to the primary 
factor responsible for the transformation of lymphocytes into hemoglobi- 
niferous erythrocytes. Secondary factors comprise basic morphologic and physi- 
cochemical conditions necessary for the successful operation of the fundamental 
stimulating agent, such as intravascular location with slow blood flow or favor- 
able relation to transudations from the blood plasma. The primary factor in- 
heres in a specific stimulus which controls increase in erythrocytopoietic activity. 
Important converging evidence concerning the identity of the fundamental eryth- 
rocytopoietic stimulus accrues from certain experiments with frogs. When 
frog larvae are treated with thyroid extract the erythrocytopoietic activity of 
the spleen is markedly increased (Jordan and Speidel, 1923). ‘The mechanism 
involved appears fundamentally to be an increase in general metabolic rate, 
which leads to increased formation of acid metabolites, including principally 
carbon dioxide, with resulting increased hydrogen ion concentration. Helff 
(1923) has shown that the carbon dioxide-oxygen exchange increases steadily 
during the first week or ten days after thyroid treatment. Our histological 
studies of the spleens of thyroid treated tadpoles showed a marked increase of 
erythrocytopoietic activity during this time. Increased concentration of carbon 
dioxide acts as a hormone to stimulate more rapid respiratory rate and more 
rapid red cell differentation. Both of these rate changes represent merely two 
aspects of the general physiological adaptation of the animal to the new high 
metabolic level. The increased metabolic rate, with the resulting increased 
respiratory and erythrocytopoietic rate, involves more rapid internal respiration, 
more efficient transport of oxygen and carbon dioxide between respiratory organ 
and body tissues, and finally more efficient external respiration. The eryth- 
rocyte furnishes the chief material basis in each of these processes. 
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The tempo of erythrocytopoiesis in the frog is influenced also by the seasonal 
temperature changes. In winter, during hibernation, the spleen is relatively 
quiescent. During this period the carbon dioxide output is relatively low. 
With the onset of spring the average level of body temperature rises, bringing 
about an increase in metabolic rate. This initiates the same chain of reactions 
described for thyroid administration: increased carbon dioxide concentration, 
increased respiratory rate, and increased erythrocytopoiesis. In the transition 
period from summer to autumn the body temperature falls and the metabolic 
rate in consequence also falls, respiration slows down and the erythrocytopoietic 
tempo decreases. Histologic examination of the winter spleen reveals fibrotic 
nodules, representing the remains of active lymphoid nodules of the summer 
spleen (Jordan and Speidel, 1923, 1925). 

Similar erythrocytopoietic changes result from experimental hemorrhage or 
red cell destruction by administration of saponin. Aspiration of blood directly 
from the heart of the frog causes an erythrocyte and plasma deficiency which 
results in a stimulation of the rate of red cell production. Both erythrocytes 
and plasma function in the transportation of carbon dioxide. A deficiency of 
cells and plasma in consequence leads to a greater concentration of carbon diox- 
ide, with resulting stimulation of the erythrocytopoietic tissues, until a more 
normal carbon dioxide balance is regained (Jordan and Speidel, 1923). 

In these several experiments with frogs the end results of the different extra- 
neous stimuli of thyroid extract, temperature change and blood depletion, have 
involved the production of a common factor, namely, a variation in the concen- 
tration of carbon dioxide in the blood. It is this change in carbon dioxide con- 
centration which is believed to be the more immediate fundamental stimulating 
cause of change in erythrocytopoietic rate. The experiments of Dallwig, Kolls 
and Loevenhart (1915) reveal that carbon dioxide concentrations of from 0.5 
per cent to 1.0 per cent cause some stimulation of the bone marrow. They sug- 
gest that the mechanism of this stimulation is to be found in the acid properties 
of carbon dioxide and its consequent power to decrease oxygen fixation. The 
decrease in oxygen tension of the respired air is followed by increased carbon 
dioxide accumulation. The oxygen lack in the respired air would be the more 
remote factor, the carbon dioxide in the body fluids the more immediate factor, 
in stimulating increased erythrocytopoietic activity in the bone marrow (Jordan 
and Speidel, 1924). 

Extramedullary blood formation in man under pathologic conditions. Illus- 
trative of the phenomenon of extramedullary red cell formation in man under 
certain pathologic conditions, several typical cases may be cited. In a case of 
microlymphoidocytic leukemia, the lymph nodes were very active in the pro- 
duction of erythrocytes. The patient was a forty-year-old white woman, with 
enlarged spleen, a red cell count of about 1,000,000, and a leukocyte count of 
70,000, of which 83.3 per cent were small lymphocytes. With one radium 
treatment of 3200 mgm.-hours the leukocyte count fell to 3,200 in six days, the 
red cell count to 800,000. Death followed four days later. 

Briefly sketched the case may be interpreted as follows: The dysfunction of 
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the marrow, the primary cause of which remains unknown, resulting chiefly in 
a condition of severe anemia, stimulated a compensatory reversion of the spleen 
to its embryonic hemocytopoietic condition. Relatively intense proliferative 
activity or inability of sufficiently rapid differentiation of splenic polyvalent 
lymphoctyes into erythrocytes (due possibly, at least in part, to a lack of favor- 
able conditions for the development of hemoglobin) caused an accumulation of 
the lymphocyte red-cell ancestors, with a consequent enlargement of the spleen. 
Radium irradiation then destroyed large numbers of the splenic lymphocytes, 
with a resultant decrease in the size of the spleen and the production of the his- 
tologic condition of large areas of lymphocyte-free stroma. Following this in- 
tentional destruction of the lymphocytes of the spleen, compensation was 
attempted on the part of the only other available potentially myeloid tissue, 
namely, the lymph nodes. There was no evidence of red cell production in the 
liver (Jordan, 1934). 

In a case of adenocarcinoma of the prostate, where the bone marrow was 
practically completely displaced by metastatic tumor tissue, and where the 
majority of the lymph nodes had likewise been displaced by tumor cells, the 
spleen was especially active in erythrocyte production (Jordan, 1934). Also, 
in those lymph nodes which had escaped metastatic invasion or in some which 
were only partly displaced by tumor cells, erythrocytopoiesis was active in the 
lymph sinuses. Red cell production was active also in the sinusoids of the liver. 

This case illustrates the reversal of the phylogenetic history of the blood- 
forming tissues. In phylogeny the fundamental blood-forming organ, the 
spleen, apportions its functions of lymphocytopoiesis and erythrocytopoiesis at 
the higher levels, respectively, among lymph nodes and bone marrow. The 
spleen retains prominently in the mammalian adult only the functions of lym- 
phecyte and monocyte formation. Since the lymph nodes also perform these 
functions to a high degree, the spleen represents as regards its primary function 
of blood formation in a sense only a vestigial organ. However, by virtue of its 
reticular stroma, its lymphocyte parenchyma and its sinusoidal venous circula- 
tion, it retains its evolutionary and fetal potentiality for the formation of hemo- 
globiniferous cells. In this case of adenocarcinoma of the prostate both the 
lymph nodes and the bone marrow were largely eliminated from the hemocyto- 
poietic system by reason of extensive metastases, and the spleen was stimulated 
to assume as a compensatory measure its original erythrocytopoietic activity, 
and circulating lymphocytes were filtered out in the liver where they matured 
into erythrocytes. The spleen was spared from metastatic invasion by cancer 
cells presumably because of the absence of lymphatics in the splenic paren- 
chyma. The condition roughly parallels the evolutionary level of the Amphibia 
in which the bone marrow has only slight erythropoietic activity, the spleen 
being the dominant organ in the production of red cells. In amphibians eryth- 
rocytes mature also in the general circulation. Histologic and mechanical 
conditions in the venous sinuses of the marrow of mammals are very similar to 
those in the spleen and peripheral circulation of amphibians, these locations with 
slowly moving blood presenting the essential requisite features for erythrocyte 
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production. From another point of view, this case represents a natural experi- 
ment in which most of the lymph nodes and large portions of the bone marrow 
had been eliminated from the hemopoietic system. The resulting conditions 
provided the stimulus for the compensatory hyperfunction of the remaining po- 
tentially erythrocytopoietic tissue, namely, the spleen. 

These two cases in a sense complement each other. They represent natural 
experiments in which in one case the bone marrow and the spleen had been 
largely removed from the hemopoietic system, leaving the lymph nodes for com- 
pensatory erythrocytopoietic function; in the other case the marrow and the 
lymph nodes had been replaced by tumor tissue, leaving the spleen unimpaired. 
In both cases the small lymphocyte functioned as the ancestral cell of the eryth- 
throcyte. 

Further evidence that lymphocytes have the capacity to function as erythro- 
cyte ancestors in man accrues from a case of aplastic anemia (Jordan, 1939). 
The patient was a white woman, fifty-six years of age. After three blood trans- 
fusions the red cell count was 3,000,000; the leukocyte count was 4,000, small 
lymphocytes accounting for 65 per cent. Two additional transfusions were 
given on November 8 and 14, respectively. On November 24 the red cell count 
had dropped to 800,000. Death occurred on November 25. Lymph nodes, 
spleen and bone marrow were uniformly hypoplastic. They were functionally 
exhausted. They had an essentially identical lymphoid structure; the predom- 
inating cell was the small lymphocyte. 

An especially interesting example of extramedullary blood formation in man 
concerns a case of osteosclerosis with leukemia (Jordan and Scott, 1941). Here 
hemopoietic marrow was practically non-existent. The marrow spaces were 
filled with fibrous connective tissue. This patient had a red cell count of 
4,125,000 and a white cel! count of 25,000 the day before death from right-sided 
heart failure. Obviously red cells were formed in abundance somewhere. 
Study of tissues removed at autopsy revealed that red cell production was very 
active in the liver, spleen and lymph nodes. Sections of lymph nodes had 
almost the identical appearance of active red marrow with innumerable mega- 
karyocytes. 

The features of special interest in this case concern: 1, practically complete 
absence of hemopoietic tissue in the bone marrow, in conjunction with a sub- 
stantially normal red cell count; 2, hyperplasia of bone in relation to marrow 
fibrosis (myelofibrosis, myelosclerosis); 3, extensive extramedullary blood for- 
mation; 4, “division of labor” as regards hemopoiesis, in that erythrocytes were 
formed in lymph nodes and liver, and granulocytes in the spleen; 5, evidence 
that lymphocytes served as common ancestors for both erythrocytes and gran- 
ulocytes. 

The histologic evidence suggests that there was operative some unknown pri- 
mary factor favoring widespread fibrosis. This factor expressed itself first in 
the bones where it produced extensive osseous hyperplasia with a concomitant 
fibrosis of the medullary stroma (myelofibrin) and a disappearance of hemo- 
poietic parenchyma. Since the red cell count remained close to normal, com- 
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pensation for the disappearance of hemopoietic tissue of the bone marrow must 
have been found in some of the extramedullary potentially hemopoietic tissues: 
spleen, liver and lymph nodes. 

Study of microscopic sections of these organs revealed that all three tissues 
were actually active in blood formation; lymph nodes and liver in red cell pro- 
duction, the spleen in granulocyte production. At death many of the lymph 
nodes were completely fibrotic; some remained in a condition of active erythroid - 
metaplasia. A period must have come in this progressive fibrosis of the lymph 
nodes when this tissue could no longer adequately supply large numbers of red 
cells. At this point it was presumably the spleen that undertook the work of 
furnishing ancestral cells for hemopoiesis. 

The spleen became very actively hyperplastic and enlarged to more than five 
times normal size. But conditions in the spleen were favorable only for gran- 
ulocyte maturation. We may suppose that the extensive hyperplasia and con- 
comitant fibrosis compressed the venous sinuses, generally favorable for compen- 
satory extramedullary red cell maturation, to a degree where conditions were no 
longer suitable for erythrocytopoiesis. The enormously excessive number of 
lymphocytes produced by the spleen, during the period of its great enlargement, 
entered the circulation and were filtered out in the hepatic capillaries, where 
they served as ancestors for the production of erythrocytes. These hepatic 
capilliform sinusoids, areas of slowly moving blood with a relatively high carbon 
dioxide tension, were apparently similar in essential erythrocytopoietic factors 
to those of bone marrow, and could accordingly provide compensatory areas for 
red cell production. 

The results of this study give further support to the interpretation of the lym- 
phocyte as an embryonal cell with multiple developmental potentialities, in- 
cluding most prominently that of serving as a common ancestor (hemocytoblast) 
for the several varieties of blood cells: Erythrocytes, granulocytes, monocytes, 
plasma cells and megakaryocytes. In the extramedullary sites of blood forma- 
tion, lymph nodes, spleen and bone marrow, the small lymphocytes grew to the 
size of large lymphocytes, meanwhile acquiring the cytologic features of hemo- 
cytoblasts. Such hemocytoblasts differentiated into erythrocytes within the 
sinusoidal channels with relatively static blood high in carbon dioxide content 
(venous sinusoids of marrow, liver and modified lymph nodes), and into gran- 
ulocytes in the intervascular parenchymal areas. 

The data from comparative hematology, the evci tionary history of blood 
producing tissues, studies of ectopic hemopoiesis wi er pathologic conditions in 
man, studies of the fetal tissues involved in normal blood formation in mammals 
and man, and the results of an experimental analysis of hemopoiesis in amphib- 
ians, are all consistent in support of the conclusion that the spleen, liver and 
lymph nodes may undergo erythroid metaplasia in compensation for hemo- 
poietic dyscrasias in the bone marrow; and that in each of these tissues under 
all conditions the progenitors of the blood ceiis are primarily either lymphocytes 
or the ancestral reticular connective tissue. 
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